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ABSTRACT 
 
 
Experimental Study of the Residual Stress-Induced  
Self-Assembly of MEMS Structures During Deposition. (August 2005) 
Sang-Hyun Kim, B.S.; M.S., Pusan National University, Pusan, Korea 
Chair of Advisory Committee: Dr. James G. Boyd 
 
 
The possibility of using residual stresses favorably as a means of self-assembling 
MEMS during material deposition is experimentally investigated. Two atomic force 
microscope cantilevers are placed in contact at their free ends. Material is isothermally 
electroplated onto one (the deposition) cantilever, but no material is deposited onto the 
other (spring) cantilever. The deposited layer contains residual stresses that deform the 
deposition cantilever. The deposition cantilever in turn deforms the spring cantilever, 
thereby doing work in the spring cantilever and proving that the two structures can self-
assemble during deposition processing. An insoluble nickel electroplating process and an 
all-sulfate nickel solution are used for the deposition. The deflection of the self-
assembled cantilevers is measured in-situ as a function of the deposited thin film 
thickness through the optical method of atomic force microscopy. 
The experimental results are compared to an analytical model which consists of 
Euler-Bernoulli beam theory that is modified to account for moving boundaries as the 
  
 
iv
material is deposited. The model accounts for the through-thickness variation of the 
intrinsic strain during the electroplating. Closed-form solutions are not possible, but 
numerical solutions are plotted for the cantilever deflection and work on the spring 
cantilever as functions of the deposition thickness. 
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 I. INTRODUCTION 
 
Micro Electromechanical Systems (MEMS) are made by a sequence of material 
deposition (sputtering, evaporation, CVD, spincoating, electroforming) and material 
removal steps (reactive ion etching, wet etching). In many cases, the processing method 
required for one type of material (metal, ceramic, or polymer) is incompatible with the 
processing method required of a second type of material. In this case, it is necessary to 
separately fabricate the two MEMS components and then assemble them. In addition, it 
is sometimes necessary to assemble MEMS structures to make an out-of-plane device. 
 Hence, there is an incentive to develop new assembly techniques for MEMS. Self-
assembly may be an efficient and cost effective method of assembling MEMS and Nano 
Electromechanical Systems (NEMS). One such technique of self-assembly is the 
possibility of using residual stresses favorably as a means of self-assembly. In order to 
explore this possibility it is important to understand the behavior of thin films and their 
response residual stresses.  
Researchers have analytically studied the influence of intrinsic stresses on micro-
structures during deposition and etching. However, no experimental study has been 
done.  
The following sections provide a brief background on MEMS, self-assembly, and 
residual stresses in thin films. 
                                                 
This thesis follows the style and format of Journal of Microelectromechanical Systems. 
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A. Assembly in Micro Electromechanical Systems 
Surface micromachining is one of the most common methods for manufacturing 
MEMS. Surface micromachining involves the deposition of several very thin layers 
(approximately one micrometer) of material that combine to form structures and 
mechanically moving parts. Because thin film deposition is inherently a planar 
technology, a fundamental problem with surface micro-machining is its inability to 
produce highly three-dimensional (3-D), or out-of-plane, structures. 
A common solution to this limitation is the use of pop-up structures that can be 
lifted or rotated out-of-plane, and even assembled and locked into place [1]. A 
disadvantage of these structures is that they sometimes need to be manually assembled. 
Fig. 1 shows the SEM image of a microlens manually assembled after fabrication. 
Manual assembly usually consists of rotating the plates by hand using 
micromanipulators. It also requires multiple structural and sacrificial layers to fabricate 
the hinge structures. While this may be useful for assembling a few discrete devices, it 
does not lend itself to efficient assembly of large numbers of components or of complex 
systems. Manual assembly is not practical for mass assembly and fabrication. 
Microstructures may also be damaged by the micromanipulators. 
 
 3
 
Fig. 1. SEM image of the manually assembled microlens [1] 
 
Another assembly method is to add MEMS actuators to a design so the actuators 
can assemble the MEMS after the planar fabrication is complete. This method also uses 
the pop-up structures and the hinged components. The pop-up structures, the hinged 
components, and the actuators are initially coplanar, and the structures can be lifted or 
rotated by using the actuators which are mechanically linked to the structures. 
Approaches using electrical resistance thermal actuators [2], electrostatic actuators [3]-
[6] and magnetic actuator [7] have been reported. Fig. 2 shows SEM images of 
assembled MEMS using electrostatic comb drive actuators. As shown in Fig. 2, a 
scanning micromirror (a) or xyz stage (b), which are hinge-connected to the comb drive 
actuators, is fabricated on the substrate. When the voltage is applied to the comb drive 
actuator, the linear movement of the comb drive actuator makes the structures lifted or 
rotated. However, actuator-driven assembly is inefficient because the actuators increase 
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the device complexity and cost. Most actuators also occupy a relatively large chip area 
(on the order of 100 mµ  x 100 mµ ) in addition to the structure itself.  
 
   
(a) (b) 
Fig. 2. SEM image of assembly using actuation mechanism (a) scanning  micromirror [3] (b) xyz stage [5] 
 
Magnetic forces including plastic deformation magnetic assembly have also been 
used to assemble microstructures [8], and this required the incorporation of a magnetic 
material on the sections of the structures requiring assembly. A stress-induced curved 
bimorph cantilever was utilized to self-assemble a movable optical microshutter which 
has been fabricated by polysilicon surface micromachining [9]. 
B. Self-Assembly of MEMS 
A variety of self-assembly processes have been demonstrated on a microscopic 
scale in an effort to eliminate the need for manual or robotic assembly of micromachined 
structures for multiple components.                         
comb drive actuator 
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Surface tension forces have been used to self-assemble MEMS. The first self-
assembly using surface tension was proposed by Syms [10], [11]. In this approach the 
surface tension properties of molten solder or glass was used as the assembly 
mechanisms. The solder method involves using a standard hinged plate with a specific 
area metalized as solder wettable pads. Once the solder is in place, it is heated to its 
melting point, and the force produced by the natural tendency of liquids to minimize 
their surface energy (and thereby surface area) rotates the free plate out of plane. The 
studies carried out by Syms focused on fabrication techniques assisted by a simple 
model. Later Harsh et al reported an in-depth characterization of solder self-alignment 
for 3-D MEMS through modeling and experimental studies [12], [13]. Meltable pads of 
thick photoresist have been used to self-assemble micromirrors by utilizing surface 
tension forces [14], [15]. Thermally shrunk polyimide joints [16] have also been used for 
3-D assembly. Fig. 3 shows the SEM image of the solder self-assembled hinge plate 
[12].  
 
Fig. 3. SEM image of the solder self-assembled hinge plate [12] 
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C. Self-Assembly of MEMS Using Residual Stresses 
Residual stresses commonly arise during the fabrication of MEMS. Residual 
stresses are stresses that exist within a body even when there are no externally applied 
forces on the body. There are two types of residual stresses: extrinsic stress and intrinsic 
stress [17]-[22]. Extrinsic stresses due to externally applied stimuli such as a temperature 
change. Thermal stresses are the most common form of extrinsic stresses and they arise 
either in structures with inhomogeneous thermal expansion coefficients subjected to a 
uniform temperatures change or in a homogeneous structure exposed to a thermal 
gradient. 
Intrinsic stresses originate from lattice mismatch strains, substitutional or interstitial 
impurities, and growth processes during deposition processes used in microfabrication 
including chemical and physical vapor deposition, evaporation, sputtering, and electro 
deposition. Intrinsic stresses also develop during the film nucleation and are called 
growth stresses. A difference, or “misfit”, in the lattice constants of the film and the 
substrate results in an accommodation of the first atomic planes of the film to the 
parameters of substrate, the lattice is deformed, and dislocations may arise. Dislocations 
as well as other lattice defects, whether point defects or other ones including impurity 
atoms, variations of interatomic spacings with crystal size, cause intrinsic stresses due to 
the local lattice expansion or contraction. Transformation stresses occur when part of a 
material undergoes a volume change during a phase transformation.  
An important role is played by grain boundaries; the stress increases during 
boundary coalescence. Also surface effects are involved [22]. However, both these 
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mechanisms are as yet poorly understood. Different kinds of origin of stresses can 
prevail at different deposition methods.  
Fig. 4 illustrates a model for the generation of internal stress during deposition of a 
film. The stress-free widths of the film and substrate are shown in the top part of each 
figure. These are the widths that the film and substrate would have if they were free, or 
not joined together. However, when the film is deposited onto the substrate the two 
layers reach a common width. If the free film width is less (more) than the free substrate 
width, then the deposited film will be in tension (compression) and the substrate will be 
in compression (tension), as indicated by the arrows in Fig. 4. 
 
 
Fig. 4. Sequence of events leading to (a) residual tensile stress in film; (b) residual compressive stress in 
film 
 
The mechanical response of thin-film structures is affected by residual stress, even 
if structures do not fail. For instance, a residual bending moment will warp released 
structures such as cantilevers [23], as shown in Fig. 5. Thus, intrinsic stresses usually 
have deleterious effects in thin film processing. For example, stresses can cause 
FILM 
SUBSTRATE 
 
FILM 
SUBSTRATE 
 
(a) Film is stretched and bent up (b) Film is shrunk and bent down 
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substrate curvature and in-plane distortions leading to alignment errors in integrated 
circuit processing and can lead to film buckling, warping, blistering, cracking, 
delamination and void formation.  
 
 
Fig. 5. SEM photography of residual stress cantilevers [23] 
 
There have been a few attempts to develop useful applications of intrinsic stresses 
in MEMS. Mi et al [24] used residual stresses to control the curvature of a micromirror. 
Layers of polysilicon and silicon dioxide were deposited with no curvature using 
LPCVD, and when the oxide was etched away, the polysilicon was deformed into a 
curved structure with a radius of curvature of 6.4mm. 
Prinz et al [25] used residual stresses to make cylindrical nano structures. A 
laminate consisting of B doped Si, undoped Si, B doped Si, Ge, and B doped Si was 
deposited with no curvature. The undoped Si layer was etched away, allowing the upper 
three layers (b doped Si, Ge, B doped Si) to deform (or “roll up”) into cylinders with 
radii of curvature from 0.3 to 2 micrometers. 
 9
It would be useful if intrinsic stresses could be used to enable a structure to 
assemble itself during processing, as in self-adjusting microstructures [26]. Such 
assembly could include both in-plane and out-of-plane motion to lock two parts together, 
make an electrical contact between separated parts, or close an open region. 
Much research has been done to analyze the stress and deformation in thin films due 
to intrinsic stresses. This work dates to the Stoney formula [27] for the curvature of thin 
films on a thick substrate. Freund proposed a theory that predicted the response of thin 
films to mismatch strain produced during the film growth [28]. This was an 
improvement over the Stoney formula, as it eschewed the assumption that the deposited 
layer is very thin compared to the thin-film substrate. However, these works did not 
include the effects of externally applied loads during deposition or etching. An 
externally applied force will naturally occur during the assembly of two components. 
Suppose that two components are to be assembled by deposition or etching of one 
component. The minimum requirement for assembly is that the part being deposited or 
etched must do work on the other part. Thus, the part being deposited or etched is 
subject to an external load in addition to intrinsic stresses. 
An analysis has recently been performed to study the mechanics of using residual 
stress changes due to deposition and etching to self-assemble MEMS [29]. However, this 
research did not include experimental results. Thus, the present research was undertaken 
to experimentally verify and analytically expand the results of [29]. 
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II. ANALYTICAL MODELING 
 
The possibility of usefully using residual (or intrinsic) stresses as a means of self-
assembling MEMS during material deposition is analytically investigated. 
A. Self-Assembly and Residual Stress 
Suppose that two parts are to be assembled by deposition onto one part. In order for 
the two parts to self-assemble, the part being deposited must do work on the other part. 
Thus, the part being deposited is subject to an external load in addition to residual stress. 
The part subject to deposition or etching is modeled as an Euler-Bernoulli beam in Fig. 
6. The other part is modeled as a linear spring of stiffness sK . The Euler-Bernoulli beam 
theory can easily be extended to plate theory.  
 
 
Fig. 6. A cantilever beam connected to a linear spring 
 
y 
x 
Ks 
L
E1 
E2 
h 
h1 
O 
*{ }yε
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The prismatic beam has constant length L , constant width b , and variable thickness 
h . The substrate is designated as region 1 and has a constant thickness 1h . The deposited 
material has a variable thickness 2h , and 1 2h h h= + . The spring is attached to the center 
of the end of the beam [ ]( , , ) ( ,0, / 2)x y z L b=  when 1h h=  in such a way that there is 
initially no load on the spring or beam. Material is then deposited on the surface 
1 ( )y h h h= ≥ , which causes the beam to bend and the spring to either compress or 
stretch, depending on the sign of the mismatch strain in the deposited material.  
The goal of the present derivation is to obtain an equation for the beam deflection as 
a function of h  during deposition. 
The input to the problem is the increment of thickness, dh , i.e. all changes in the 
configuration are due only to a changing h .  There is no time dependence, so all rates 
can be replaced by increments. For example, the increment of bending stress dσ  can be 
used instead of the time derivative /d dtσ . 
Brackets are used to denote the functional dependence of variables. For example, 
the bending stress { , ; }x y hσ is a function of x  and y  as well as the thickness h .  
The bending stress and elastic strain { , ; }e x y hε are related by Hooke’s law, 
};,{}{};,{ hyxyEhyx eεσ =           (1) 
where the Young’s modulus is given by  
1 1
2 1
             0
{ }      
            
E y h
E y
E h y h
≤ ≤=  < ≤
             (2) 
The elastic strain is the sum of the total strain { , ; }x y hε and the mismatch strain { , }m x yε  
 12
},{};,{};,{ yxhyxhyx me εεε +=         (3) 
where the mismatch strain is due to growth processes or lattice mismatch between the 
deposited material and the deposited surface. The total strain satisfies the compatibility 
equations, i.e. it can be derived by taking the derivatives of a continuous and single-
valued displacement field. In general, neither the elastic strain nor the mismatch strain 
can be obtained from continuous displacement fields. The total strain obeys the 
Kirchhoff kinematic assumptions of Euler-Bernoulli beam theory, 
};{};{};,{ hxhxyhyx rεκε +−=          (4)     
where { ; }x hκ is the curvature about the z axis and { ; }r x hε is the strain of the reference 
layer, 0y = . The increment of total strain is given by 
};{};{};,{ hxdhxydhyxd rεκε +−=           (5) 
The reference value *{ }yε of the mismatch strain is the mismatch strain that results from 
deposition on a strain-free substrate; for example, a flat substrate that is free of stress. 
The reference mismatch strain *{ }yε  at a given y does not change in time, so 0* =εd .  
As material is deposited with non-zero mismatch strain, both the substrate and the 
deposited layer will bend. Thus, material will be deposited on a strained surface with 
non-zero curvature. This bending strain },{ yxdε on the deposition surface must be 
subtracted from *{ }yε  to obtain the total mismatch strain,  
*{ , } { } { , }m dx y y x yε ε ε= −       (6) 
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The strain },{ yxdε  is the value of { , ; }x y hε evaluated on the deposition surface, y h= , 
at the time that the material was deposited. Thus, the value of },{ yxdε at any point y  is 
equal to { , ; }x y hε evaluated at h y= : 
};{};{},{ yxyxyyx rd εκε +−=          (7) 
The most useful form of the mismatch strain is obtained by substituting (7) into (6): 
* *{ , } { } { , } { } { ; } { ; }m d rx y y x y y y x y x yε ε ε ε κ ε= − = + −    (8) 
 
Although the strain { , ; }x y hε at a given point ( , )x y changes as { ; }x hκ changes with 
h , the strain },{ yxdε  is not a function of h , and 0},{ =yxd dε . The mismatch strain 
{ , }m x yε  is also constant with respect to h , and  0},{ =yxd mε , and it follows from (3) 
that  
};,{};,{ hyxdhyxd e εε =       (9) 
The elastic strain on the deposition surface is obtained by substituting (8) and (4) into (3) 
and evaluating at y h=  to obtain 
*{ , ; } { }e x h h y hε ε= =        (10) 
 
The equilibrium equations for the moment about the z  axis and the horizontal force 
( x -direction) provide two equations for the two increments { ; }d x hκ and { ; }rd x hε . 
 
The moment equilibrium is given by 
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dhhhxbhdyyhyxdbhxdM
h
};,{};,{};{
0
σσ += ∫     (11) 
where 0};{ 1 =hxM . The stress increment is obtained by substituting (9) into (1): 



≤<
≤≤=
hyhhyxdE
hyhyxdE
hyxd
12
11
 ,  };,{
0  ,  };,{
};,{ ε
εσ      (12) 
The stress on the deposition surface is obtained by substituting (10) into (1): 
*
2 2{ , ; } { , ; } { }
ex h h E x h h E hσ ε ε= =      (13) 
 
Substitution of (12), (13) and (5) into (11) yields the moment increment 
3 3 *
2 1 1 2 2
2 2
2 1 1 2
1 1{ ; } ( ) { ; } { }
3 3
1 1                 ( ) { ; }
2 2
r
dM x h bE h bh E E d x h bE h dh
bE h bh E E d x h
κ ε
ε
 = − − − +  
 + + −  
  (14) 
A similar procedure for the horizontal force equilibrium yields 
( ) ( )
*
2
0 0
2 2 *
2 1 2 1 2 2 1 2 1
0 { , ; } { , ; } { }( { ; } { ; }) { }
1 1  { ; } { } ( ) { ; }
2 2
h h
r
r
b d x y h dy b x h h dh b E y yd x h d x h dy bE h dh
E h E E h d x h E h dh E h E E h d x h
σ σ κ ε ε
κ ε ε
= + = − + +
 = − − − + + + −  
∫ ∫
        (15) 
};{ hxd rε can be eliminated from (14) and (15) to obtain the moment increment in terms 
of the curvature increment and the thickness increment: 
*
1
{ ; } 1 { }{ } { ; } { }
12 2
dM x h hf h d x h g h dh
bE E E
εκ= +     (16) 
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where 1 2/E E E=  and 
( ) ( )
( ) ( )
1 4 3 2 2 3 4 2
1 1 1 1 1
1 2 2
1 1 1
{ } ( 1) 4 ( 1) 6 ( 1) 4 ( 1) ( 1)
{ } ( 1) 2 ( 1) ( 1)
f h h E h h h h E h h E hh E h E
g h h E h h hh E h E
−
−
= + − − − − + − − − − −
= + − + − − −
 
     (17) 
Consider the case of deposition of material with the same Young’s modulus as the 
substrate ( 1=E ) and zero moment. In this case { ; } 0dM x h = ,  { }g h h= , 3{ }f h h= − , 
and it is possible to derive a closed-form expression for { ; }x hκ and { , }m x yε . In this 
case, (16) gives  
*
2
6 { }{ ; } hd x h dh
h
εκ =        (18) 
which can be integrated to solve for κ{x;h}: 
1
* 2
1{ ; } 6 { } ( ; )
h
h
x h h h dh x hκ ε κ−= +∫      (19) 
where 0};{ 1 =hxκ . Performing the integration in (19) results in  
*
* 1
1 1
61 1{ ; } 6       1y h
y h
hx h
h h h h
εκ ε ==
   = − = −     
    (20) 
The mismatch strain can be obtained by setting (14) equal to zero and using 1 2E E=  to 
get 
*1 { }{ ; } { ; }
2
r hd x h hd x h dh
h
εε κ= −       (21) 
followed by substituting (18) into (21) to yield 
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* * *3 { } { } 2 { }{ ; }r h h hd x h dh dh dh
h h h
ε ε εε = − =     (22) 
Equation (22) can be integrated to solve for { ; }r x hε : 
1
* 1
1{ ; } 2 { } { ; }
h
r r
h
x h h h dh x hε ε ε−= +∫ , 
where, 0};{ 1 =hxrε . Performing the integration results in 
*
1
{ ; } 2 { }lnr hx h h
h
ε ε  =          (23) 
and substituting (23) and (20) into (8) yields, 
 
1
* *
1
1 1
 0                                                    ,   0
{ }
2 { }ln { } 6 5      ,   
m
y h
y y yh h h y h
h h
ε ε ε
≤ <=  − + − ≤ ≤   
   (24) 
 
Freund [28] derived (24) and pointed out that the mismatch strain differs significantly 
from its initial value *{ }yε  even for relatively thin deposition layers.  
 
For the case of a spring attached to the beam the increment of moment is non-zero 
and is given by 
{ ; } { }( )dM x h dP h x L= −       (25) 
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where { }dP h is the increment of load applied to the beam at x L= by the spring. To 
derive the beam deflection and work it is necessary to introduce the approximate 
increment of curvature as  
};{};{ 2
2
hxdv
dx
dhxd =κ       (26) 
where { ; }x hν is the displacement of the beam in the y direction. Equations (25) and (26) 
can be substituted into (16) to yield 
( ) 2 *2
1
{ } { } { }{ ; } { }
12 2
dP h f h d hx L dv x h g h dh
bE E dx E
ε− = +         (27) 
Integrating (27) twice with respect to x  results in  
*
3 2 2
1 2
1
{ } 1 1 { } { }{ ; } { }
6 2 12 4
dP h f h hx Lx c x c dv x h x g h dh
bE E E
ε − + + = +      (28) 
The boundary conditions {0; } {0; } 0dv h v h
dx
= =  yield 210 cc == , so that (28) becomes 
*
3 2 2
1
{ } 1 1 { } { }{ ; } { }
6 2 12 4
dP h f h hx Lx dv x h x g h dh
bE E E
ε − = +       (29) 
 
The load increment on the beam is equal and opposite to the force increment on the 
spring: 
{ } { ; }sdP h K d L hν= −         (30) 
Equation (30) can be used in (29) to obtain 
13 * 2
1
{ ; } 1 { } { } { }
3 12 4
sL Kdv L h f h h L g h
dh bE E E
ε− = −        (31) 
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Equation (31) is an ordinary linear differential equation for the end-deflection { }hν  as a 
function of the deposited layer thickness h .  
B. Reference Mismatch Strain 
In the previous section, a linear ordinary differential is derived for the end 
deflection of the cantilever beam as a function of the thickness of the deposited layer. 
However, in order to numerically solve this equation, the reference mismatch strain 
*{ }hε must be known. The reference mismatch strain will be determined by interpreting 
experimental results in terms of the relation between the cantilever curvature and the 
mismatch strain.  
Freund [28] proposed the connections between the cantilever curvature and the 
mismatch strain for the homogeneous case 1 2( )E E= .  
The curvature and the reference strain are given by 
(1) (0) (0) (1)
2(1) (0) (2)
{ } { } { } { }{ ; }
{ } { } { }
I h J h I h J hx h
I h I h I h
κ −=   − 
     (32) 
(2) (0) (1) (1)
2(1) (0) (2)
{ } { } { } { }{ ; }
{ } { } { }
r I h J h I h J hx h
I h I h I h
ε −=   − 
     (33) 
where, 
( )
0
{ } { }
hi iI h y E y dy= ∫  and ( ) ( )0{ } { } { }hi i mJ h y E y y dyε= ∫    (34) 
 
When the curvature and the reference strain are expressed in the term of the mismatch 
strain for the inhomogeneous case,  
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2 30 0
6 { } 12 { }{ ; } { } { }
{ } { }
h hm mA h B hx h y dy y y dy
h D h h D h
κ ε ε= − +∫ ∫    (35) 
20 0
4 { } 6 { }{ ; } { } { }
{ } { }
h hr m mC h A hx h y dy y y dy
h D h h D h
ε ε ε= − +∫ ∫    (36) 
where, 
2 3
1 1 1
2 3{ } ( 1) 1,  { } ( 1) 1,  { } ( 1) 1,
h h hA h E B h E C h E
h h h
= − + = − + = − +  
23 2
1 1 1
3 2{ } 4 ( 1) 1 ( 1) 1 3 ( 1) 1
h h hD h E E E
h h h
    = − + − + − − +         
, and 1
2
EE
E
=    (37) 
From (8), the mismatch strain is simply expressed by  
*{ } { } { ; } { }m ry y y x y yε ε κ ε= + −       (38) 
Substituting (35) and (36) into (38) yields: 
[ ] [ ]* 20 02 6{ } { } 2 { } 3 { } { } 2 { } { } { }{ } { }
y ym m my y C y A y y dy B y A y y y dy
yD y y D y
ε ε ε ε= − − − −∫ ∫
 (39) 
Therefore, the reference mismatch strain *{ }yε can be determined if the mismatch strain 
{ }m yε is obtained. This mismatch strain can be obtained through the experiment results.  
 
In the experiment, one would measure the end beam deflection { ; }L hν of cantilever 
as a function of the deposited layer thickness ( )h  when no spring is attached to the 
cantilever.  The (approximate) cantilever curvature is expressed by the second derivative 
of the deflection { ; }x hν with respect to x   
2
2{ ; } { ; }
dx h x h
dx
κ ν=        (40) 
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Where, in this particular case, { ; } { }x h hκ κ=  because κ  is not a function of x  because 
there is no spring to load the cantilever and it is assumed that the deposited layer is 
applied in a manner that is not a function of x .  
 
Integrating (40) twice with respect to x results in 
2
1 2
1{ ; } { }
2
x h h x c x cν κ= + +        (41) 
The boundary conditions  {0; } {0; } 0 dh h
dx
ν ν= = yield 1 2 0c c= = , so that (41) becomes 
21{ ; } { }
2
x h h xν κ=           (42) 
The end deflection of the cantilever is then 
2{ }( ; )
2
hL h Lκν =             (43) 
Therefore the curvature is expressed by 
2
2 { ; }{ } L hh
L
νκ =         (44) 
 
From (44), for each value of h, the curvature can be experimentally obtained from the 
end beam deflection. 
 
The out-of-plane variation of the mismatch strain { }m yε can be approximated as a 
polynomial function of y  
2 3 4{ }m y a by cy dy eyε = + + + + "      (45) 
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and the unknown parameters (a,b,c, . . . ) can be determined from from (35). 
 
Finally the reference mismatch strain *{ }yε can be determined from (39). 
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III. BACKGROUND FOR EXPERIMENTS 
 
The goal of the experiment is to physically realize the device of Fig. 6 in the chapter 
titled “Analytical Modeling”. The device will consist of two cantilevered beams in 
contact at their ends, as shown in Fig. 7. One cantilever will be thickened by material 
deposition on one side, and the second cantilever – the linear spring – will not undergo 
deposition. 
The deposition cantilever also serves as the sensing cantilever because its end 
deflection will be measured using an Atomic Force Microscope (AFM). A silicon nitride 
coating is applied to both sides of the cantilevers for electrical isolation. Thin layers of 
Cr/Au are evaporated on the tip side (bottom) of the deposition cantilever in order to 
provide electrical conductivity for subsequent electroplating of nickel.  
 
  
Fig. 7. Linearly placed cantilevers for experiments (a) analytical model (b) experimental model 
 
Material is electroplated onto the deposition cantilever, which produces residual (or 
intrinsic) stresses that deform the cantilever. This cantilever is attached to a spring 
cantilever that is not electroplated. The deposition cantilever does work on the spring 
deposition cantilever spring cantilever 
deposited layer  
           (a)                     (b) 
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cantilever, thereby enabling the two structures to self-assemble. An insoluble nickel 
electroplating process and an all-sulfate nickel solution are used for the thin film 
deposition. The plating is done isothermally. The basic figure of this experiment is 
illustrated in Fig. 8. 
The following variables must be measured: the end deflection of deposition 
cantilever as a function of the deposition thickness, the dimensions of the deposition 
cantilever, the thickness of the various layers that constitute the deposition cantilever, 
the elastic stiffness of the deposited material, the stiffness of the spring cantilever. 
 
 
 
Fig. 8. Basic figure of experiments 
 
 
 
counter electrode 
power supply 
 
photodetector laser beam  
nickel solution (all-sulfate) 
2Ni +
2Ni +
2Ni +
2Ni +
2Ni +
nickel deposition spring 
cantilever 
deposition 
cantilever 
 24
A. Deposition Method 
Nickel was chosen as the electroplating material because of its economy, 
convenience, and large intrinsic stress when deposited on gold. 
1) General Nickel Electroplating 
Electroplated nickel is used extensively for decorative and engineering purposes 
because the appearance and other properties of electrodeposited nickel can be varied 
greatly by controlling the composition and the operating parameters of the plating 
solution [30]-[33]. A typical electroplating cell consists of an anode, cathode, aqueous-
metal solution, and a power supply. The sacrificial anode is made of nickel, the cathode 
is made of another conductive material, and the aqueous-metal solution consists of 
nickel ( 2Ni + ), hydrogen ( H + ), and sulfate ions ( 24SO
− ). When a voltage supply is turned 
on, the positive ions in the solution are attracted to the negatively biased cathode. The 
nickel ions that reach the cathode gain electrons from the external circuit and are 
deposited (or “plated”) onto the surface of the cathode forming the electrodeposit. 
Simultaneously, nickel is electrochemically etched from the nickel anode and dissolved 
as ions into the solution. The etched nickel can replenish the nickel content in the 
solution during plating. The shape of anode can be changed. Fig. 9 shows the basic 
principle of the nickel electroplating process.  
 
 25
 
Fig. 9. Basic principle of nickel electroplating process 
 
2) Deposit Thickness of Electroplated Nickel 
The thickness of the electroplated layer on the substrate is determined by the time 
duration of the plating using Faraday’s law [31]. Faraday’s law states that the amount of 
electrochemical reaction that occurs at an electrode is proportional to the quantity of 
electric charge Q passed through an electrochemical cell. The total amount of deposited 
material m is as followed 
ItMm
nF
=        (46) 
where I is the total current, t is the deposition time, M is molecular weight of the 
depositing material (58.6934g/mol for nickel), n is the number of electrons involved in 
the electrochemical reaction (2 for nickel), and F is the Faraday constant. The Faraday 
constant represents one mole of electrons and its value can be calculated from 
AF N e=        (47) 
 
2Ni +
positive electrode 
(anode) 
nickel solution 
2Ni +
2Ni +
2Ni +
2Ni +
negative electrode 
(cathode) 
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where AN is Avogadro’s number (
236.0255 10× molecules /mol) and e is the charge of a 
single electron ( 191.6021 10−× coulombs, C). 
23 19(6.0255 10 )(1.6021 10 ) 96,487 /F C mol−= × × =  
 
The deposit thickness may be evaluated by considering the volume of the deposit. 
Since the volume of the deposit V is the product of the plated surface area S , and the 
thickness d , it follows that /d V S= . The volume of the deposit is related to the weight 
of the deposit m and the density of the deposit material ρ ( 38.902 /g cm for nickel). Thus 
the deposit thickness is represented by 
1V m ItM Md Jt
S S S nF nFρ ρ ρ= = = =      (48) 
where J is the current density. 
 
The actual thickness of the plated nickel is usually less than calculated thickness 
due to the cathode current efficiency. In almost all cases, the cathode efficiency may 
vary from 92 to 97 %. Fig. 10 gives the thickness of deposited film as a function of 
plating time during nickel electroplating. The thickness of the deposited material is 
independent of the nickel ion concentration in the solution.  
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Fig. 10. Deposited film thickness during electroplating as a function of time 
 
3) Nickel Electroplating Solution and Internal Stress 
a) Nickel plating solution 
The type of anion in the plating solution can have a marked influence on residual 
stress. In nickel electroplating, the two most popular solutions for engineering 
applications are Watts nickel and nickel sulfamate [31]. The electrolyte components and 
the operating conditions of Watts nickel and nickel sulfamate are as shown in Table I, 
which are used to make the minimum value of the residual stress. The Watts solution is 
relatively inexpensive and easy to control. The nickel sulfamate plating solutions are 
 28
used for the low internal stress but are relatively expensive. Both solutions use the nickel 
anode.  
Other nickel electroplating solutions are also widely used for functional 
applications. Many of these solutions were developed to meet specific engineering 
requirements; all are used to a lesser extent than Watts and nickel sulfamate solutions. 
An all-sulfate solution is used for the experiment herein. This solution has been applied 
for electrodepositing nickel where the principal or auxiliary anodes are insoluble. 
Oxygen is evolved at insoluble anodes in all-sulfate solution and as a result, the nickel 
concentration and pH decrease during plating. The pH is controlled and the nickel ion 
concentration maintained by adding nickel carbonate 3NiCO . Another procedure that has 
been used in low-pH solutions replenishes the nickel by employing a replenishment tank 
[32]. The insoluble anodes in all-sulfate solutions may be lead, carbon, graphite or 
platinum. If a small anode area is required, solid platinum (in the form of wire) may be 
used. 
b) Internal stress 
Internal stresses are created within the deposit as a result of the electro-
crystallization process and/or the codeposition of impurities such as hydrogen, sulfur, 
and other elements. Stress in electrodeposited nickel can vary greatly depending on the 
solution composition and operating conditions [31]. In general, nickel electrodeposited 
from additive-free Watts solutions exhibits a tensile intrinsic stress that is 125 to 
185MPa for the conditions given in Table I. Deposits from sulfamate solutions display 
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lower tensile intrinsic stress within the range of 0 to 55Mpa, and deposits from all-
sulfate solutions have the internal stress of 120MPa. Compressively stressed nickel 
deposits are obtained from solutions that contain sulfur-containing organic additives 
similar to the carriers that are added to bright nickel plating solutions. As far as is 
known, compressively stressed nickel deposits are almost always associated with the 
codeposition of sulfur.  
 
TABLE I 
NICKEL PLATING SOLUTION AND SOME PROPERTIES OF DEPOSITS 
 Electrolyte Composition (g/L) 
 Watts Nickel Nickel Sulfamate All-Sulfate 
Nickel Sulfate, 4 26NiSO H O⋅  225 to 400  225 to 400 
Nickel Sulfamate, 3 2 2( )Ni SO NH   300 to 450  
Nickel Chloride, 2 26NiCl H O⋅  30 to 60 0 to 30  
Boric Acid, 3 3H BO  30 to 45 30 to 45 30 to 45 
 Operating Conditions 
Temperature CD  44 to 66 32 to 60 38 to 70 
Cathode Current Density, 2/A dm  3 to 11 0.5 to 30 1 to 10 
Anodes Nickel Nickel Insoluble 
pH 2 to 4.5 3.5 to 4.5 1.5 to 4 
 Mechanical Properties 
Internal Stress, MPa 125 to 185 0 to 55 120 
 
4) Operating Condition and Quality Control 
Process quality control involves maintaining the concentrations of the main 
constituents within specified limits, controlling pH, temperature, and current density in 
order to meet the specified product requirements [31]. Controlling the composition of the 
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plating bath is one of the most important factors contributing to the quality of 
electrodeposited nickel. At the outset, the bath must be prepared to the specified 
composition and adjusted to the proper pH. Thereafter the composition and pH of the 
solution must be controlled within specified limits. 
The basic constituents of nickel electroplating solutions that are regularly controlled 
are the nickel metal content, the chloride concentration, the boric acid level, and the 
concentration of all addition agents. The nickel metal concentration is maintained 
between 60 and 80g liter-1 in most commercial applications. It is desirable to have a 
minimum of 25g liter-1 nickel chloride in the solution to promote anode corrosion except 
when sulfur-activated electrolytic nickel anode materials are used. Boric acid is the most 
commonly used buffering agent for nickel plating baths. Boric acid is effective in 
stabilizing the pH in the cathode film within the ranges normally required for best 
plating performance.  
Under normal operating conditions of nickel electroplating with a nickel anode, the 
pH of the nickel solution will slowly increase as plating process due to the difference 
between cathode and anode efficiencies. Generally, cathode efficiencies may vary from 
92 to 97 percent, whereas anode efficiency is always 100 percent. A decrease in pH 
accompanied by a decrease in nickel ion concentration indicates that the process is not 
functioning properly. Sulfuric acid in Watts solutions and nickel carbonate 3NiCO  in all-
sulfate solutions are added for pH adjustment. The residual stress can reach minimum 
value within the prescribed limits of pH (2 to 4.5 of pH from Watts solution, at 
5 2/A dm and 55 CD ). Beyond the limits of pH, the residual stress increases rapidly.  
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The operating temperature has a significant effect on the properties of the deposits 
and should be maintained within specified limits ( 2 C± D ) of the recommended value. 
Increasing the plating solution temperature can reduce the residual stress in a limited 
range of the temperature. The residual stress may stay in low value within the limits of 
the temperature (44 to 66 CD  from Watts solution, at pH 3.0 and 5 2/A dm ) Beyond the 
limits of the temperature, the residual stress increases. 
The nickel plating process should be controlled by estimating the surface area of the 
parts to be electroplated, and the ampere-hours required to deposit a specified thickness 
of nickel at a specified current density. The practice of operating the process at a fixed 
voltage is not recommended. Controlling cathode current density is important for 
meeting minimum coating thickness requirements, and for producing deposits with 
consistent and predictable properties. Since current density determines the rate of 
deposition, it must be as uniform as possible to achieve uniformly thick nickel deposits. 
The current density of cathode also increases the residual stress. Within the limited range 
of current density (3 to 11 2/A dm  from Watts solution, at pH 3.0 and 55 CD ), the 
residual stress remain in minimum value. Beyond the limits of the current density, the 
residual stress increases.  
B. Measurement of the Cantilever Deflection 
The physical basis of AFM sensors is to measure the mechanical response (i.e., 
bending) of the AFM cantilever due to various local environmental changes that give 
rise to changes in the forces acting on the cantilever. Much research on the use of AFM 
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sensors is performed in air, vacuum, or liquid environments has been done [34]-[37]. 
This has applicability to self-assembled or electrochemically deposited thin films. 
In this experiment, the deflection of AFM cantilevers and the deposited film 
thickness are in situ measured as a function of time in the same experiment conditions. 
 
The deflection of self-assembled cantilevers during electroplating can be measured 
using the standard optical method. A laser beam bounces off the back of the sensing 
cantilever onto a position-sensitive photodetector (PSPD). As the cantilever bends, the 
position of the laser on the detector shifts. However, the position shift on photodetector 
can not be directly translated to the cantilever deflection. Generally, the cantilever 
deflection is expressed as the term of the photodetector output voltage signal. When the 
cantilever is bended, the output voltage signal of the photodetector is also changed. To 
convert the photodetector output signal difference into a distance moved by the end of 
the cantilever, the signal sensitivity is done.  
The signal sensitivity is the sensitivity measurement of the photodetector’s voltage 
output signal to the cantilever deflection by using the force calibration plot. First, the 
cantilever is loaded in the cantilever holder and the bottom surface controlled by the 
piezo is being moved up and down to the cantilever until the cantilever touches the 
surface. Due to the force between the surface and the cantilever, the cantilever is bended. 
The deflection of the cantilever is monitored and plotted in a graph of deflection verses 
piezo movement. An example of such a graph is shown in Fig. 11. On the vertical axis 
the output of the photodiode is plotted and the horizontal axis gives the position of the 
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piezo. The curve I-I-III gives the interaction on approach and the other corresponds to 
the interaction upon retraction.  
 
 
(a) 
 
(b) 
Fig. 11. Force calibration plot for measuring the deflection of cantilever (a) and its explanation (b) 
 
The photodetector’s sensitivity, which is the cantilever deflection per unit output 
voltage signal of detector, is simply obtained by using the mouse to draw a line parallel 
to the part of the plot where the tip is on the surface. Finally, the deflection of the 
I 
II 
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approach retract 
I 
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IV 
V 
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cantilever during plating can be achieved by multiplying the detector’s voltage output 
signal difference to the photodetector sensitivity. 
C. Measurement of the Mismatch Strain 
X-ray diffraction can be used to measure residual (herein called “mismatch”) 
strains, which can then be used to calculate the residual stress. Unfortunately, classical 
X-ray stress analysis has a resolution of only about 20 to 35 MPa [38], which 
corresponds to a strain of about 0.0001 in a structural metal. More recently, X-ray 
diffraction was used to measure the residual stresses in nickel (0.1 to 1.0 mm thick) that 
was electroplated onto copper substrates. The resolution of the x-ray technique was 
estimated to be 10 MPa [39]. 
In the present experiment we use the measured beam end deflection to calculate the 
curvature and then the residual strain, for two reasons: 1) we must measure the beam end 
deflection anyway to validate the analytical model; and 2) the residual strain resolution 
using the beam end deflection can be calculated from (4) and (44) to be 0.00000013, for 
h = 7 micrometers, L = 230 micrometers, and an end deflection resolution of 1.0 
nanometers. Note that this strain resolution is one thousand times better than the 
resolution using X-ray diffraction. 
D. Measurement of the Spring Constant 
The ability to experimentally determine the spring constant of atomic force 
microscope cantilevers is of fundamental importance in many applications of AFM. To 
date many methods have been devised for this purpose, including the methods that 
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monitor the static deflection of the cantilevers and those that utilize the cantilevers’ 
dynamic deflection properties [40]-[45]. However, those methods are performed in 
vacuum and require the mass of the cantilever which is typically obtained from the 
density, thickness, and plan view dimensions of the cantilever. Recently, Sader et al. 
proposed a simple, practical, and accurate method to determine the spring constant of 
cantilever which is working in fluid [46]. The spring constant from Sadar’s method is 
determined from its unloaded resonant frequency. The mass of the cantilever is also 
required and this is typically obtained from the density, thickness, and plan view 
dimensions of the cantilever. 
 
For the case of a rectangular cantilever, the spring constant is given by 
* 2
c vack m bhLρ ω=        (49) 
where, vacω  is the fundamental radial resonant frequency of the cantilever in vacuum, 
, ,b h and L  are the thickness, width, and length of the cantilever, respectively, cρ is the 
mass density of the cantilever, and *m is the normalized effective mass which takes the 
value * 0.2427m m=  for / 5L b >  [46]. The vacuum resonant frequency vacω is related to 
the resonant frequency in fluid fω  by 
1/ 2
1 ( )
4
f
vac f r f
c
b
h
πρω ω ωρ
 = + Γ  
     (50) 
whereas the areal mass density chρ is given by 
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( ) ( )
4
f
c f i f r f
b
h Q
πρρ ω ω = Γ −Γ             (51) 
where fρ is the mass density of the fluid, fQ is the quality factor in fluid, rΓ and iΓ are, 
respectively, the real and imaginary components of the hydrodynamic function Γ , which 
is explained in detail below and plotted in Fig.12. Substituting (50) and (51) into (49) we 
obtain the spring constant of cantilever which is immersed and operating in  
2 20.1906 ( )f f i f fk b LQρ ω ω= Γ      (52) 
The plan view dimensions of the cantilever are easily obtained if “calibrated 
cantilevers” are used, which have a highly uniform rectangular geometry and the 
dimensions are specified to within a high tolerance by the manufacturer. General 
“practical cantilevers” do not have the highly uniform rectangular geometry but the 
width b and the length L of the cantilever can be easily measured using an optical 
technique. The densities ρ and viscosities η of the fluids can be obtained from published 
data [47]. 
 
The analytical expressions for the hydrodynamic function ( )ωΓ  of beams that are 
circular and rectangular in cross section are well known and plotted [48], [49]. For the 
case of the cantilever with the circular cross section, the exact analytical result for 
( )ωΓ is well known [50] and is given by 
1
0
4 ( Re)( ) 1
Re ( Re)circ
iK i i
i K i i
ω −Γ = + −  and 
2
Re
4
bρω
η=    (53) 
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where Re is the Reynolds number, ρ and η  are the density and the viscosity of the 
fluid, respectively. The functions 0K and 1K are modified Bessel functions of the third 
kind [51].  
The hydrodynamic function for the rectangular cantilever can be expressed as 
( ) ( ) ( )rect circω ω ωΓ = Ω Γ      (54) 
where ( )ωΩ is the correction function and expressed as a rational function in 10log Re . 
The real and imaginary parts of ( )ωΩ is 
 
2 3 4 5
6 2 3 4
5 6 1
( ) (0.91323 0.48274 0.46842 0.12866 0.044055 0.0035117
              0.00069085 ) (1 0.56964 0.48690 0.13444 0.045155
              0.0035862 0.00069085 )
( ) ( 0.024134 0.02
r
i
ω τ τ τ τ τ
τ τ τ τ τ
τ τ
ω
−
Ω = − + − + −
+ × − + − +
− +
Ω = − − 2 3 4
5 2 3 4
5 6 1
9256 0.016294 0.00010961 0.000064577
              0.000044510 ) (1 0.59702 0.55182 0.18357 0.079156
              0.014369 0.0028361 )
τ τ τ τ
τ τ τ τ τ
τ τ −
+ − +
− × − + − +
− +
(55) 
10log Reτ =  and ( ) ( ) ( )r iiω ω ωΩ = Ω + Ω     (56) 
The real and imaginary components of the hydrodynamic function ( )ωΓ as a function of 
the Reynolds number 2Re / 4bρω η=  is re-plotted in Fig. 12. We note that the 
hydrodynamic function only depends on the Reynolds number and is independent of the 
cantilever thickness and density. 
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Fig. 12. Plot of the real and imaginary components of hydrodynamic function as a function of the 
Reynolds number 
 
The quality factor fQ and the resonant frequency fω  of the cantilever in fluid can 
be measured by experiment [49]. First they can be obtained by measuring the thermal 
noise spectra of cantilevers. The cantilever signal is measured using the optical 
deflection system of the Nanoscope III Multimode AFM, with the detection laser beam 
focused on the end of the cantilever. The thermal noise spectra is measured using a 
National Instruments data acquisition (DAQ) card, carrying out a digital fast Fourier 
transform of the signal using Labview software which is also available from National 
Instruments. The fundamental mode resonance peaks of the measured spectra are fitted 
to the response of a simple harmonic oscillator (SHO), using a nonlinear least squares 
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fitting procedure. A white noise floor is included in the fitting procedure to ensure 
accurate fits to the noise spectra 
1
2
2 4
2 0 0
2 2
2 2 2 0
0 2
( )
( )
SHO white
AA A
Q
ωω ω ωω ω
   = + − +  
    (57) 
where ( )SHOA ω is the amplitude response function, whiteA is the amplitude of the white 
noise floor, 0A is the zero frequency in the absence of dissipative effects, and Q is the 
quality factor. These four parameters are obtained by performing a nonlinear least 
squares fit to data near the peak of each resonance. This method requires other 
equipment and software such as a DAQ card, Labview and Mathematica. 
The other method to obtain the quality factor and the resonant frequency is using 
the Tapping Mode of AFM [49]. In this method, the cantilevers are vibrating at their 
base using the Tapping Mode cantilever tune software in the Nanoscope III AFM from 
Digital Instruments. The frequency response of the cantilever can be measured by 
driving the cantilever at a range of frequencies in the neighborhood of its fundamental 
mode resonance peak. The resonant frequency is the first peak of the cantilever tune and 
it is measured by oscillating the cantilever die, and finding the frequency that produces 
the maximum response. The quality factor represents the amount of damping in the 
mechanical oscillator and it is measured by frequency sweeping an excitation to the 
cantilever and normalizing the width of the peak to its frequency. This approach using 
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Tapping Mode of AFM gives the same results of fQ and fω as that obtained from the 
thermal noise spectrum. 
These two approaches allow easy and accurate determination of the quality factor 
and the resonant frequent comparing to the experimental results from Sadar’s paper [49]. 
Now all parameters are obtained and the spring constant of cantilever in fluid can be 
determined by experiments. 
E. Measurement of Deposited Layer Thickness 
The thickness of the film to be deposited on the sensing cantilever is measured by 
using a stylus measurement method, which required the presence of a groove or a step 
between the substrate and the film surface such that the stylus is vertically displaced as it 
traverses the sample [52], [53]. The gold layer is initially coated on the portion of the 
sensing cantilever. Therefore the nickel is deposited only on the portion of the sensing 
cantilever during electroplating and makes a step between the plated and unplated layers.  
DEKTAK3, a commercial surface profile measuring system, provides an electro-
mechanical method for measuring film thickness; a diamond stylus with the radius of 
12.5 mµ is scanned across the cantilever surface and any vertical movement of the stylus 
being detected by an inductance transducer [54], as shown in Fig. 13. The resultant 
electrical signal is amplified and the output fed to a recorder. The vertical movement of 
the stylus is in the range of 10nm to 65.5 mµ and its vertical resolution is1nm . The basic 
principle of measuring the step height between the plated and unplated layers of the 
cantilever surface is shown in Fig. 14. 
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Fig. 13. DEKTAK3, a commercial surface profile measuring system for measuring the plating layer 
thickness 
 
 
 
Fig. 14. Basic figure of measuring the plating layer thickness 
 
As its highest sensitivity, the performance of DEKTAK3 is easily affected by the 
stage level and it is very important to position the sample surface to within 0.01± D  of 
level. 
 
plated nickel layer 
h
sample holder 
sample cantilever 
diamond stylus 
sample tracing 
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F. Mechanical Properties of the Deposited Material 
The mechanical properties of an electroplated material are highly dependent upon 
the composition of the plating bath along with the current and temperature, and need to 
be calibrated by experiment [55]. Young’s modulus of the electroplated nickel is 
obtained from the spring constant of the composite cantilever beam using the laminar 
beam theory [56]. 
 
The spring constant of the rectangular cantilever is expressed as  
3
3EIk
L
=        (58) 
where E is Young’s modulus, I is the moment of inertia and L is the length of the 
cantilever beam.  
In order to get the spring constant of the composite cantilever beam, it is necessary 
to introduce the notation of neutral axis, denoted Nz . The neutral axis defines the plane 
in the cantilever where the resulting stress is zero when bending the cantilever. The 
position of the neutral axis in the structure is defined as 
i i i
i
N
i i
i
E z h
z
E h
=
∑
∑           (59) 
where iE is the young’s modulus of the 
thi layer, iz is the distance from the bottom of the 
structure to the middle of the thi layer and ih is the thickness of the 
thi layer. The moment 
of inertia iI for the 
thi layer is defined as 
 43
3/ 22 2 2
/ 2
( )
12
i N i
i N i
z z h i
i i i Nz z h
A
btI y dA y bdy bh z z
− +
− −= = = + −∫ ∫    (60) 
where A is the cross sectional area, y is the distance to the neutral axis and i Nz z−  is the 
distance between the center of the thi layer and the neutral axis. The effective stiffness EI 
for a composite cantilever can then be expressed by summing the product of Young’s 
modulus and the moment of inertia for each layer 
3
2( )
12
i
i i i n
i
hEI b E h z z
 = + −  ∑             (61) 
Therefore, the spring constant of the composite cantilever beam is  
3
2
3 3
3 3 ( )
12
i
i i i n
i
hEI bk E h z z
L L
 = = + −  ∑         (62) 
The spring constant of the composite cantilever with two layers 
( )
2 2
f c
i i i f f c f c
i
N
i i f f c c
i
h hE z h E h E h h
z
E h E h E h
+ +
= = +
∑
∑         (63) 
33 3
2 2 2
3 3
3 3( ) ( ) ( )
12 12 12
fi c
i i i n f f f n c c c n
i
hh hb bk E h z z E h z z E h z z
L L
      = + − = + − + + −            
∑
 (64) 
The spring constant, the deposited film thickness and in-plane geometry data are 
measured by the experiments and, therefore, the elastic modulus of the deposited 
material is determined. 
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G. Uncertainty Analysis of Experiment 
The true value of a measurand is the real world value. Because our instruments do 
not perfectly measure this real world value, the true value of the measurand is never 
known. The indicated value of the measurand is the value given by the instrument. The 
error is the difference between the indicated value and the true value. Because the true 
value is never known, the error is also never known. Therefore, we define a term called 
the uncertainty, which is a range in which we believe the error to lie.  
In the previous section, we discussed how the spring constant of the cantilever and 
the elastic modulus of the deposited material are determined through the experiment. 
However, these values have their own errors because of the experimental uncertainty 
[57]-[60]. The experimental uncertainty is divided into two categories: the experimental 
error associated with repeated measurements, and the uncertainty due to not knowing the 
exact values for the dimensions and material properties. Generally, the cantilever 
dimensions should be considered to be uncertain because these parameters are affected 
by manufacturing variability. The parameters which depend on the change of the 
experimental environment, such as air density and viscosity are also considered to be 
uncertain.  
In this section, we study the sensitivity analysis of the individual parameters and 
how variation of the individual parameters affects other parameters such as the spring 
constant and the elastic modulus of the deposited material. The study also considers the 
possibility that the alignment of the AFM cantilevers is not perfectly centered. For the 
purpose of simplicity, the errors in the spring constant and the elastic modulus of the 
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deposited material is estimated by adding up all the errors involved in the measurement 
of cantilever dimensions, resonant frequency, etc., according to the Sadar’s equation and 
the Euler-Bernoulli beam theory. 
1) Propagation of Uncertainty 
Given the uncertainty ( )ix+ in the measurands ( )ix , we must calculate the 
uncertainty in a function ( )f  of those measurands, i.e. we must calculate how the 
uncertainty propagates. Generally, the uncertainty of the measurement is estimated 
analytically using uncertainty propagation methods [57]. This method is a special 
application of Taylor’s series and can be expressed as 
[ ]1 1 2 2 1 2 1
1
2
2
( ), ( ), , ( ) ( , , , )
                                                            higher-order terms
n n n
n
n
ff x x x x x x f x x x x
x
f fx x
x x
∂+ ∆ + ∆ ⋅⋅⋅ + ∆ = ⋅⋅⋅ + ∆ ∂
∂ ∂+ ∆ + ⋅⋅⋅+ ∆ +∂ ∂
 (65) 
where the nx ’s are variables and the nx∆ ’s are determined or assumed incremental 
variations in the respective nx ’s. The higher-order terms are neglected. 
This equation can be rewritten, changing the nx∆ ’s to nu ’s merely to represent 
uncertainties better: 
1 2
1 1 2 2 1 2
1 2
(   ), (   ),   , (   ) , ,   ,
                                   
n
n n n
f x x x
n
f x u x u x u f x x x
f f fu u u u
x x x
   + + ⋅⋅⋅ + − ⋅⋅⋅   
∂ ∂ ∂= = + + ⋅⋅⋅ +∂ ∂ ∂
     (66) 
Equation (66) evaluates the maximum uncertainty of the function. The most probable 
uncertainty corresponds to the Pythagorean summation of the discrete uncertainties, or 
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1 2
  
nf x x x
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f f fu u u u
x x x
    ∂ ∂ ∂= + + ⋅⋅⋅ +     ∂ ∂ ∂     
   (67) 
where ix is the nominal value of variables, iu is the discrete uncertainties, and fu is the 
overall uncertainty, respectively. 
2) Uncertainty of Spring Constant 
The spring constant of the AFM cantilever using Sadar’s equation is expressed in 
(52) and written again  
2 20.1906 ( )f f i f fk b LQρ ω ω= Γ  
The overall uncertainty ( )ku  and the relative uncertainty of the spring constant are  
f f f fk b L Q
f f f f
k k k k k ku u u u u u u
b L Qρ ωρ ωΓ
∂ ∂ ∂ ∂ ∂ ∂= + + + + +∂ ∂ ∂ ∂ ∂Γ ∂   (68) 
1/ 22 2 222 2 22f f fiQk b L
f f i f
u u uuu u u
k b L Q
ρ ω
ρ ω
Γ           = + + + + +             Γ           
    (69) 
a) Uncertainty of air density 
The density of air depends on the temperature and is ruled by 
0 0
/f f T Tρ ρ=        (70) 
where 
0f
ρ is the air density at 0 CD ( 31.2929 /kg m ) [43], and T  is the temperature. The 
experiment is working at the room temperature (25 )CD and its air density 
is 31.1845 /kg m . The uncertainty of temperature come from the temperature change 
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during experiment and error of temperature measurement (assume 1± D ). Considering the 
uncertainty of the temperature, the uncertainty of the density ( )
f
uρ  is
30.004 /kg m . 
Therefore, the relative uncertainty of the air density is  
0.004 0.0034  0.34%
1.1845
f
f
uρ
ρ = = ⇒  
b) Uncertainty of resonant frequency 
The nominal resonant frequency of the AFM cantilever used in experiment is 
170KHz  and the resolution of AFM for measuring the resonant frequency is 0.01KHz .  
0.01 0.000059  0.0059%
170
f
f
uω
ω = = ⇒  
The current AFM cantilever used in the experiment has the probe tip at the end of 
cantilever and the effect of the probe tip in the uncertainty of the resonant frequency of 
AFM cantilever should be considered. The SEM image of the probe tip of cantilever is 
shown in Fig. 15. 
 
 
Fig. 15. SEM image of the probe tip of AFM cantilever 
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1ω  and 2ω are the resonant frequency of the tipless cantilever and cantilever with tip, 
respectively, and expressed by   
1 * 0.2427
k k
m m
ω = =  and 2 *
tip
k
m m
ω = +     (71) 
where k  is the spring constant of the cantilever, m and *m  are the mass of cantilever 
and the probe tip.  
A typical probe tip height is 10 ~ 15 mµ  with a radius of curvature of less than 
10nm  at the probe tip end. The macroscopic half-cone angles are 20 ~ 25D viewed along 
the cantilever axis and 25 ~ 30D  seen from the side, and virtually zero when viewed from 
the probe tip end. 
The relatively uncertainty of the resonant frequency due to the tip is  
* * *
1 2
*
1
*
(1 ) 0.75%tip
tip
k k
m m m m
k m m
m
ω ω
ω
− +− = = − =+    (72) 
Therefore, considering all perturbations and errors for measuring the resonant 
frequency, the relative uncertainty of the resonant frequency is less than1% . 
c) Uncertainty of quality factor 
The quality factor shows how fast a system decay or damping occurs and defined as  
2f
WQ
W
π= ∆       (73) 
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where W is the energy stored in a system and W∆ is the energy dissipated per cycle. The 
quality factor is also expressed in the terms of the resonant frequency of the system, as 
shown in Fig. 16. 
max2fQ
ωπ ω= ∆       (74) 
where maxω  is the resonant frequency where its amplitude is maximum and ω∆  is the 
bandwidth of the response which is defined as 1 2ω ω ω∆ = −  
 
 
Fig. 16. Plot of the amplitude as a function of the frequency 
 
The uncertainty ( )
fQ
u  and the relatively uncertainty of the quality factor are  
2
2 12 ( )
fQ w w
Q Qu u u u uω ω
π πωω ω ω ω∆ ∆
∂ ∂= + = + −∂ ∂∆ ∆ ∆     (75) 
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2
X
maxω 2ω1ω
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    (76) 
 
The bandwidth of the response ( )ω∆ is 1.389kHz  when the nominal resonant frequency 
of the cantilever is 170KHz  from the experiment. 
2 1 2 1
2 1
u u u u uω ω ω ω ω
ω ω
ω ω∆
∂∆ ∂∆= + = + −∂ ∂    (77) 
The uncertainty of 1ω  or 2ω  is equal to the AFM resolution for measuring the resonant 
frequency ( )
f
uω , that is, 1 2 0.01u u KHzω ω= = . The relative uncertainty of the bandwidth 
of the response is  
2 1 1
2 20.012 2 0.01018
1.389
u u uu ω ω ωω
ω ω ω ω
∆    = + − = = × =   ∆ ∆ ∆ ∆   
 
Therefore, total relative uncertainty of the quality factor is  
2 20.01 0.01018 0.01427  1.43%fQ
f
u
Q
= + = ⇒  
d) Uncertainty of cantilever dimensions 
The dimensions of cantilever used in experiment are provided from the 
manufacturer but its dimensions have too much uncertainty 
( 40 3b mµ= ± and 230 5L mµ= ± ). There are a number of different approaches that can 
be used to measure the film thickness or the dimensions of various structural features of 
a MEMS device, including use of scanning electron microscopy, mechanical or optical 
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profilometry, and optical inteferometry. The scanning electron microscopy (SEM) is 
used for measuring the cantilever dimensions in this experiment. SEM has its own 
intrinsic limitation on the accuracy that can be achieved, depending partly on the quality 
of its calibration. In addition, mechanical elements created by the sequential steps of 
deposition, lithography and etching typical in MEMS fabrication are rarely ideal 
structures with perfectly straight edges and 90D angles at all corners. As a result, it is 
typical to state the dimensions of a structure with an uncertainty of 
between 0.05 ~ 0.1 mµ  [60]. Therefore, the relative uncertainty of the width and length of 
the cantilever are  
0.05 0.00125  0.125%
40
0.05 0.000217  0.0217%
230
b
L
u
b
u
L
= = ⇒
= = ⇒
 
e) Uncertainty of hydrodynamic function 
The hydrodynamic function ( )Γ is dimensionless and depends on the crosses section 
of the cantilever and Reynolds number (Re) of the system. Therefore, it is better to obtain 
the uncertainty of the Reynolds number in order to get the uncertainty of the 
hydrodynamic function. The Reynolds number of the system is defined by  
2
Re
4
f f bρ ω
η=       (78) 
where η  is the viscosity of air. The viscosity of air depends on the temperature and is 
ruled by 
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0 0
/f f T Tη η=       (79) 
where 
0f
η is the air viscosity at 0 CD ( 51.71 10 /kg ms−× ), T  is the temperature. 
The air density at experiment temperature (25 )CD is 51.866 10 /kg ms−× . The 
uncertainty of temperature come from the temperature change during experiment and 
error of temperature measurement (assume 1± D ). Considering the uncertainty of the 
temperature, the uncertainty of the viscosity is 0.006 /kg ms . Therefore, the relative 
uncertainty of the air viscosity is  
0.006 0.0032  0.32%
1.866
uη
η = = ⇒  
Therefore, the relative uncertainty of the Reynolds number is  
1/ 22 2 22
Re 2 1.13%
Re
f f b
f f
u u uu u
b
ρ ω η
ρ ω η
        = + + + =                 
 
 
The Reynolds number is 27.1055  when all other factors are nominal value and its 
uncertainty is Re 0.3063u = . Therefore the ranges of the Reynolds number considering its 
uncertainty is 
26.7992 Re 27.4118≤ ≤  
The hydrodynamic function iΓ  is 0.5719 at Re 27.1055=  and the ranges of the 
hydrodynamic function with the uncertainty of the Reynolds number is  
0.5686 0.5753i≤ Γ ≤  
Therefore, the relative uncertainty of the hydrodynamic function is  
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0.0034 0.0059  0.59%
0.5719
i
i
uΓ = = ⇒Γ  
 
Therefore, the total uncertainty of the spring constant ( )ku is  
1/ 22 2 222 2
1/ 22 2 2 2 2 2
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3) Uncertainty of Elastic Modulus 
The uncertainty of the elastic modulus of the deposited material is associated with 
the spring constant of the cantilever which depends on many variables such as 
dimensional and material parameters. The relation between the elastic modulus of the 
deposited material and the spring constant is derived in (64). The effective Young’s 
modulus of the composite cantilever is 168.08GPa and its thickness is 7.08 10m nmµ ± . 
The nominal value of elastic modulus of nickel is 200GPa and its thickness is assumed 
as 1.0 10m nmµ ± . The nominal spring constant of composite cantilever when the 
material is deposited is 75.9122 /N m . The uncertainty of spring constant ( )ku is 
1.9434( / )N m and the spring constant of the composite cantilever is in the range of 
between 75.0476 and 76.7768( / )N m .The elastic modulus of the nickel considering the 
uncertainty of spring constant is in the range of between 191.74 and 208.41GPa and its 
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uncertainty ( )
NiE
u is8.41GPa . Therefore the relative uncertainty of the elastic modulus 
of the nickel is  
8.41 0.0421  4.21%
200
NiE
Ni
u
E
= = ⇒  
4) Uncertainty of Deflection due to the Misalignment of Two Cantilevers  
In order to verify if residual stresses can be used as a means of the self-assembly 
during material deposition, two rectangular silicon cantilevers of AFM are connected to 
each other. However, the misalignment of two cantilevers happens in practice when they 
are put together. Fig. 17 represents the misalignment of two cantilevers, which combines 
the de-centered and rotational misalignment, and influences the deflection of the 
cantilevers during material deposition. However, the rotational misalignment of the 
cantilevers is not considered uncertain, since the variation in deflection due to the 
rotational misalignment is often small in practice comparing to that due to the de-
centered misalignment. Therefore, the uncertainty due to the de-centered misalignment 
is only considered in this study. 
 
 
Fig. 17. Misalignment of two cantilevers in contact 
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The basic figure of the de-centered misalignment and its free body diagram when 
two cantilevers are putting together are shown in Fig. 18. Two cantilevers are linearly 
placed but connected to each other with the misaligned length of d . 
 
 
(a) 
 
(b) 
Fig. 18. Decentered misalignment (a) basic figure (b) free-body diagram 
 
Material is electroplated onto the sensing cantilever, which produced residual 
stresses that deform the cantilever. This cantilever is attached to a second cantilever that 
is not electroplated. The sensing cantilever does work on the second cantilever during 
plating. Now simply assume that the de-centered force is acting on a second cantilever 
when two cantilevers are misaligned. The cantilever is bended and twisted due to the de-
centered force and the end beam deflection is the sum of the deflection due to bending 
and due to torsion. The end beam deflection due to bending ( )bν and due to torsion 
( )tν are expressed by 
d
d
x
y z
P
M
Tb
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EI Ebh
ν = =  and 312 2t
PdLb
h G
ν φ β= =    (80) 
where, φ is the twist angle of rectangular beam, expressed by  
3
TL
bh G
φ β=  and β is the value of parameter depends on the ratio of /b h .   
Therefore, the total maximum end beam deflection due to de-centered force is  
3
3 3
4
2r b t
PL PdL
Ebh h G
ν ν ν β= + = +      (81) 
The end beam deflection when two cantilevers are well aligned is  
3
3
4PL
Ebh
ν =        (82) 
The expected deflection error is  
32r
PdL
h G
ν ν ν β∆ = − =           (83) 
and the relative uncertainty of the deflection due to the de-centered force is  
28
d E b
GL
δ
δ β
∆ ⋅ ⋅=       (84) 
When the de-centered length is assumed as 10% of the cantilever width, the relative 
uncertainty of the deflection is  
0.0017  0.17%νν
∆ = ⇒  
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IV. EXPERIMENTAL PROCEDURE  
 
A. Experiment Set-up 
Fig. 19 shows the experimental set-up for in-situ measurement of the deflection of 
the AFM sensing cantilever (which is also the working electrode of the electroplating 
process) during electroplating process with linear spring attached to the end point of 
cantilever. 
 
 
Fig. 19. Experimental set-up for measuring the deflection of AFM cantilevers 
 
A standard atomic force microscope (Nanoscope IIIA of Digital Instruments Inc.) 
with its standard electrochemical cell is used for experiment [34]-[37]. 
The AFM cantilever used in experiment is shown in Fig. 20. The cantilever itself is 
rectangular and usually has a tapered free end for visibility during positioning. The 
cantilevers have a trapezoidal cross section with a wide side to reflect the laser beam that 
detects its motion. Cantilever width is usually given as the average (mean) of the two 
Laser BeamMirror
Photodetector 
Cantilever of AFM 
(Spring) 
Cantilever of AFM  
(sensing cantilever) 
Power Supply 
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sides of the trapezoid. These cantilevers can be purchased from MikroMasch, USA 
(Type A: NSC16/ 3 4Si N /Cr-Au BS, Type B: NSC16/ 3 4Si N ). Cantilevers have the 
dimension of 230 40 7.0m m mµ µ µ× × , the spring constant of 40N/m, and the resonant 
frequency of 170 kHz. 
 
       
(a) 
  
(b) 
Fig. 20. SEM image of the silicon cantilever (a) and the dimension of the silicon chip (b) 
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Two kinds of silicon cantilever beams of AFM are used. Type A is the silicon 
cantilever with the silicon nitride and /Cr Au coating layers, which is used as a working 
electrode. Type B is the silicon cantilever with silicon nitride coating, which is used as a 
linear spring attached to the end point of the working electrode. Silicon nitride coating is 
applied to both sides of the cantilevers for electrical isolation. The coating thickness is 
about 10 nm. Thin layers of chromium (5 nm) and gold (50 nm) are coated onto the tip 
side of the plating cantilever. Thin layer of chromium is used in order to increase the 
adhesion of gold onto silicon nitride and the gold layer is used for the conductive seed 
layer during electroplating.  
A standard power supply is used and connected to a two electrode system: the 
working electrode (WE), and the counter electrode (CE). The working electrode is the 
electrode where the potential is controlled and the current is measured. AFM cantilever 
of type A is used as the working electrode (WE) and the thin film during electroplating 
is deposited onto the tip side of the working electrode. The counter electrode is used to 
complete the cell circuit. The power supply measures the current between the working 
electrode and the counter electrode. Platinum wire counter electrode (Model: CHI115 
from CH Instruments, Inc.) as the insoluble anode is used for the consistent experiment 
conditions.  
Commercially available electrochemical cell (Fluid Image Cell & Accessory Kit 
from Digital Instrument) is used to measure the thickness of the deposited film and the 
deflection of the AFM cantilever in liquids. Fluid cells consist of a glass cantilever 
holder and silicon o-ring to form an enclosed fluid environment with the ability to 
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exchange liquids, as shown in Fig. 21. It also has the port holes to insert the electrodes 
and to deliver the solution into the cell. The cantilever holder consists of a small glass 
assembly with a wire clip for holding an AFM cantilever substrate. The glass surfaces 
provide a flat, beveled interface so that the AFM laser beam may pass into the fluid 
without being destroyed by an unstable fluid surface [61]. Generally AFM cantilever 
consists of the cantilever and the support chip. This cantilever is held in a small chip 
pocket on the bottom side of the cantilever holder by a gold-plated, stainless steel wire 
clip. The wire clip is held against the cantilever substrate by a tiny coil spring mounted 
on the top of the cantilever holder. The O-ring fits snugly and seals well around the 
cantilever chip pocket in the fluid cell. The electrochemical cell encloses the cantilever, 
and counter and reference electrodes are positioned within the cell for electrochemistry. 
Standard electrochemical cell has one chip pocket to hold the AFM cantilever. Another 
chip pocket with metallic spring clip is machined to hold another cantilever used as the 
spring attaching to the AFM cantilever for the second experiment.  
 
 
Fig. 21. Fluid cell used in AFM 
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The electrical contact with the coated side of the cantilever is achieved through the 
spring clip, a thin insulated wire glued with epoxy resin to the cantilever holder. The 
spring clip is then connected to the power supply. The counter electrode in the fluid cell 
is also connected to the power supply. 
All-sulfate nickel solution is used for our experiments. This solution has been 
applied for the electrodepositing nickel where the auxiliary anodes are insoluble. The 
basic constituents for all-sulfate solution include: 225 ~ 410 g/L of nickel sulfate 
( 4 26NiSO H O⋅ ) as the primary source of nickel ions and 30 ~ 45 g/L of boric acid 
( 3 3H BO ) to stabilize the pH of the solution and water. Nickel sulfate is nonvolatile, high 
conductive and soluble in water. Nickel carbonate ( 3NiCO ) can be added to control the 
pH and maintain the nickel ion concentration. Hydrogen peroxide and the activated 
carbon can be added into the solutions in order to remove the metallic and the organic 
contaminants. 
All-sulfate solution has the optimized operating ranges for the minimum value of 
the residual stress, which are the pH of 1.5 to 4, the temperature of 38 to 70 CD , and the 
current density of 1 to 10 2/A dm . In order to have the high residual stress, the different 
operating conditions (pH>4 and the current density>10 2/A dm ) are used. To avoid 
bending of the cantilever due to temperature changes all solutions are kept at the same 
temperature. The constant current density using the power supply is used during 
electroplating process, which makes the thickness of the electrodeposited material is 
independent of the nickel ions concentration. The expected current density can be 
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obtained from the analytical results of the deposited film thickness. Demineralized water 
should be used in making up the bath, which has lower than 200 ppm of calcium content. 
B. Experimental Procedure 
The flowchart of the experimental procedure is given in Fig. 22. Each step in the 
flowchart will be discussed separately and sequentially.  
 
 
Fig. 22. Flowchart of the basic experiment procedure 
1) Cleaning Process 
The AFM cantilevers, counter electrode, tweezers, and beakers must be washed 
after any series of experiments by rinsing with water/methanol/water/acetone/water 
followed by vacuum drying. The purified DI water should be used. 
Cleaning Process 
Cr/Au Evaporating 
Aligned Cantilevers 
First Nickel Electroplating 
Second Nickel Electroplating 
AFM cantilevers, counter electrode, 
electrical connection of sensing 
Measure:  1. deflection of cantilever 
               2. thickness of plating nickel layer 
               → plot deflection vs. plated thickness 
 
Calculate: 1. elastic modulus of nickel 
               2. cantilever curvature 
               → solve numerical solution of reference 
                   mismatch strain 
Measure:  deflection of self-assembled cantilevers 
                → plot deflection vs. plated thickness 
Measure the parameters of unplated AFM cantilever 
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The AFM’s resolution can be limited by contaminations on the cantilever chip. In 
order to remove the contamination on the cantilever chip, position a UV lamp very close 
(3~5mm) to the cantilever chips and allow the unit to be irradiated for 15~30 minutes at 
full intensity. 
In order to reduce contamination problems and obtain high-quality images, the fluid 
cell and O-ring must be as clean as possible. While soaking in warm, soapy water, place 
a few drops of liquid disk soap on the fluid cell and o-ring, then rub gently with a cotton 
swab or finger. Take care not to scratch the glass surface with any abrasive material. 
Rinse completely free of detergent with distilled water. Dry the fluid cell with 0.2 mµ -
filtered, compressed air or dry nitrogen until all moisture is evaporated.  
2) Measure the Parameters of the Unplated AFM Cantilever 
Take scanning electron microscope (SEM) pictures of the cantilevers and measure 
the length, width and thickness of the cantilevers before they are plated with nickel. 
Measure the resonant frequencies and quality factors of each cantilever in air using the 
AFM. Calculate the spring constant of each cantilever using Sadar’s equation. Compare 
the calculated spring constant to the value determined by the Euler-Bernoulli beam 
theory.  
The cantilever is supplied by the manufacturer with an electrical isolation layer of 
silicon nitride. This isolation layer will prevent the cantilever from plating on areas 
which are not coated with an evaporated Cr/Au layer. The quality of the silicon nitride 
isolation layer is verified by ensuring, using AFM and voltmeter, that there is no plating 
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onto the silicon nitride. Each cantilever is immersed into the plating solution without 
connecting the voltage source and the resonant frequency is measured. Then each 
cantilever is connected to the voltage source, and after some time, the resonant 
frequency is measured. If there is no plating and no chemical attack of the silicon nitride, 
then the resonant frequency should not be changed during immersing and connection to 
the voltage source. 
3) Cr/Au Evaporation 
Evaporate the Cr/Au layer ( : 5 , : 50 )Cr nm Au nm onto the tip side of the cantilever 
(sensing cantilever) in order to have the conductivity. Cr/Au layer is only evaporated on 
the portion of the tip side cantilever and the step between the evaporated and un-
evaporated layer is used for measuring the deposited layer thickness during 
electroplating, as shown in Fig. 23. Check if the current can pass through the cantilever 
using AFM and voltmeter. Measure the resonant frequencies and calculate the spring 
constants of each cantilever using Sadar’s equation. The spring constants are also 
calculated using the Euler-Bernoulli theory. 
 
 
Fig. 23. Making the step during the evaporation process 
 
Cr layer 
Au layer 
no nickel deposition 
cantilever 
cantilever chip 
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4) Nickel Plating Solution 
Use a separate treatment tank to dissolve the nickel sulfate of 225 to 400 g/L in hot 
water at 38 to 49 CD  to about 80% of desired volume. Add 1 to 2 m/L (0.8 to 1.6 
pints/100gal) of 30% hydrogen peroxide; agitate briefly and allow settle for one hour. 
Add 1.2 to 2.4 g/L the activated carbon and agitate thoroughly. Heat to 66 CD , the add 
1.2 to 2.4 g/L of nickel carbonate to the solution, with agitation to adjust the pH of 5.0 to 
5.5. More nickel carbonate may be required and the mixture should be stirred to assist 
the dissolution of the carbonate. Allow to settle for 8 to 16 hours. Add and dissolve the 
boric acid of 30 to 45 g/L; add water to bring bath to its desired volume. Deionized or 
demineralized water which has lower than 200 ppm of calcium content should be used. 
5) First Nickel Plating  
The objective of this experiment is to measure the deflection of self-assembled 
cantilevers as a function of the deposited thin film thickness. However, AFM provides 
the function to measure the mechanical response of the cantilevers as a function of time. 
Therefore, the film thickness to be deposited on the surface of the sensing cantilever is in 
situ measured as a function of time during nickel electroplating at the first experiment. 
Then the deflection of self-assembled cantilevers is in situ monitored as a function of 
time at the second experiment with the same experiment conditions. Finally, the 
deflection of self-assembled cantilevers is expressed as a function of the deposited film 
thickness.  
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Experimental set-up for in-situ measurement of the film thickness to be deposited 
on the cantilever of AFM as a function of time during electroplating process is shown in 
Fig. 24. 
 
 
 
Fig. 24. Experimental set-up for measuring the deposited layer thickness 
 
Plate the nickel onto the tip side of cantilever and measure the resonant frequency 
and quality factor in each plating time step. Measure the plated layer thickness in each 
plating time step using the profilometer. Calculate the spring constant using measured 
resonant frequency and quality factor. Calculate the elastic modulus (average value) of 
plated nickel layer using measured plated nickel thickness and the calculated spring 
constant. Measure the end beam deflection in every time step. Plot the plated layer 
thickness as a function of plating time. Plot the cantilever deflection as a function of 
plating time. 
Glass Cantilever Holder
Anchoring Clip of Cantilever
Support Chip of Cantilever
Cantilever of AFM  
(Working Electrode WE)
Counter Electrode  
(CE) 
Electrolyte SolutionElectrochemical Fluid Cell
Power Supply 
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6) Make the Aligned AFM Cantilevers 
Fig. 25 shows the experimental process for making the aligned AFM cantilevers. 
Two cantilevers are rectangular typed silicon cantilevers with silicon nitride coated. The 
tip side (bottom side) of the plating cantilever is coated with a layer of evaporated 
Cr/Au. These cantilevers are aligned and attached at their ends. The tip side of the 
plating cantilever should be placed on the back side of the other cantilever. Top view 
and side view of microscopes, two xyz positioners, tweezers and connecting bar are used 
for the experiments. The experimental procedures are as followed. 
• Prepare the fixed AFM cantilever (Fig. 25 (a)) 
One AFM cantilever chip is placed on the post-it of the plate. The plate is connected 
to the holder which is anchored to the lab table. 
• Bond one side of connecting bar on the surface of the cantilever chip (Fig. 25 (b)) 
One end of the connecting bar is dipped into the glue and grabbed at the end of the 
tweezers (scissor type) which is connected to the xyz positioner. The connecting bar is 
properly positioned on the surface of the cantilever chip using the xyz positioner. In 
plane alignment and the contact of the cantilever chip and the connecting bar is 
monitored through the top-viewing and the side-viewing microscope, respectively. Wait 
for complete bonding. After complete bonding, remove the tweezers carefully. 
• Make the assembled cantilevers (Fig. 25 (c)) 
Second AFM cantilever chip is placed on the post-it of the plate which is connected 
to the xyz positioner. The other side of the connecting bar is glued and well positioned 
on the top of the second cantilever by controlling the second cantilever through xyz 
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positioner. In plane alignment and the contact of the cantilevers is monitored through the 
top-viewing and the side-viewing microscope, respectively.  Check the movement of the 
cantilever carefully if the cantilevers are attached to each other. Wait for complete 
bonding. Carefully remove the cantilever assembly from the post-it after complete 
bonding. Check in-plane and side alignment of the cantilever tips using the microscope. 
 
 
(a) 
 
(b) 
 
(c) 
Fig. 25. The experimental process for making the aligned AFM cantilevers 
XYZ positioner 
Second Cantilever 
Tweezers (scissor type)
Connecting Bar
XYZ positioner 
Side-Viewing Microscope
AFM Cantilever
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7) Second Nickel Plating 
Plate the nickel onto the tip side of the plating cantilever in each plating time step. 
The time step should be equal to that of the first plating. Measure and plot the end 
deflection of cantilever as a function of plating time. 
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V. RESULTS AND DISCUSSIONS 
 
A. Experiment Results 
1) First Plating Thickness Measurement 
a) Geometry parameter and spring constant of cantilever 
The typical dimensions of the cantilever used in this experiment are provided from 
the manufacturer and their variation ( 230 5L mµ= ± , 40 3b mµ= ± and 7.0 0.5h mµ= ± ) 
significantly affects other parameters. Therefore, it is important that the cantilever 
dimensions be measured exactly. The scanning electron microscope (SEM) is used for 
measuring the cantilever dimensions in this experiment, which has the resolution 
of10nm . Fig. 26 shows the SEM image of the cantilever.  
 
 
Fig. 26. SEM image of the cantilever sample 
1L
2L
1b 2b
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The cantilever has a trapezoidal cross section with a wide side to reflect the laser 
beam that detects its motion. It also has the non-perfect straight edge in length due to the 
probe tip. The average values of the measured dimensions are selected for the accuracy 
and listed in Table II. We now assess the accuracy of the measured dimensions and 
Sadar’s method by presenting a detailed comparison with analytical method. Nine 
different samples of cantilevers were chosen for this comparison. First, the spring 
constants of these cantilevers were calculated using the Euler-Bernoulli beam theory, 
which used the measured cantilever dimensions. The resonant frequencies of these 
cantilevers were measured using Tapping Mode of the AFM, by driving the cantilever at 
a range of frequencies in the neighborhood of its fundamental mode resonance peak, and 
the spring constants using Sadar’s method were determined. The measured resonant 
frequencies and the calculated spring constants of each cantilever are shown in Table II. 
The spring constants of each cantilever vary no more than 2.5% .  
 
TABLE II 
MEASURED DIMENSIONS AND SPRING CONSTANT COMPARISON FOR FIRST PLATING 
  Cantilever Geometry ( )mµ   Spring Constant ( / )N m  
# L  b  h  ( )f kHzω  E - B Sadar 
A1 234.30 40.65 6.555 157.2480 37.6339 37.0664 
A2 232.30 40.35 6.465 156.5593 36.7755 36.1594 
A3 233.30 39.90 6.505 157.0243 36.5688 36.1226 
A4 232.00 38.60 6.553 160.4008 36.7758 36.2583 
A5 231.00 39.63 6.765 169.2104 42.0747 41.2498 
A6 227.50 40.20 6.570 168.0084 40.9345 40.6273 
A7 234.50 39.50 6.790 164.8308 40.5319 39.6051 
A8 227.50 40.23 6.650 171.0988 42.4764 42.1667 
A9 230.50 40.03 6.688 166.5630 41.3355 40.2865 
average 39.4563 38.8380 
standard deviation 2.4719 2.4271 
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Thin layers of chrome and gold ( : 5 , : 50 )Cr nm Au nm are evaporated onto the tip 
side of the cantilever to serve as a seed layer for electroplating nickel. Cr/Au layers are 
only evaporated on the part of the tip side cantilever and the step between the evaporated 
and un-evaporated layer is used for measuring the deposited layer thickness during 
electroplating. The resonant frequencies of the Cr/Au coated cantilevers were measured 
and the spring constants were compared again. The measured resonant frequencies and 
the determined spring constants of each cantilever are shown in Table III. The spring 
constants of each cantilever vary 2.0% at most.  
 
TABLE III 
SPRING CONSTANT COMPARISON OF Cr/Au COATED CANTILEVERS FOR FIRST PLATING 
 Cantilever Geometry ( )mµ   Spring constant ( / )N m  
# L  b  /Cr Au  ( )f kHzω  E - B Sadar 
A1 234.30 40.65 0.0502 153.6696 38.0624 37.3545 
A2 232.30 40.35 0.0502 152.9954 37.2000 36.4400 
A3 233.30 39.90 0.0502 153.4716 36.9883 36.4133 
A4 232.00 38.60 0.0502 158.5048 37.2328 37.3641 
A5 231.00 39.63 0.0502 166.8990 42.5814 42.3497 
A6 227.50 40.20 0.0502 165.5390 41.4418 41.6228 
A7 234.50 39.50 0.0502 162.2974 41.0183 40.5204 
A8 227.50 40.23 0.0502 168.6088 42.9966 43.2127 
A9 230.50 40.03 0.0502 164.5394 41.8389 41.4875 
average 39.9289 39.6406 
standard deviation 2.5104 2.7222 
 
b) First measurement of the plating nickel thickness 
Nickel was plated onto the tip side of the cantilevers and their thicknesses were 
measured using the surface profile measuring system. The recommended current density 
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for nickel plating is in the range of 22 ~ 10 /A dm . The platinum counter electrode with 
area of 4 27.85 10 dm−× was used for the nickel plating. Therefore, the input current of the 
power supply was set to 0.004A  which made the current density in the recommended 
range 2( 5.1 / )J A dm= . In order to make sure if the plating thickness is consistent, nickel 
was plated in two different plating time steps and its thickness was measured in every 
plating time step.  
Fig. 27 and Fig. 28 show the total plating thickness of each cantilever and the 
comparison of the average and analytical plating thickness when the plating time step is 
15s . The thickness of plated nickel is increased as increasing the plating time and the 
average value of the plating thickness is similar to the analytical plating thickness.  
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Fig. 27. Total plating thickness of each cantilever when plating time step is 15s 
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Fig. 28. Comparison of the average and the analytical plating thickness when plating time step is 15s 
 
Fig. 29 and Fig. 30 give the measured plating thickness of each cantilever and a 
comparison of the average and analytical plating thickness in each plating time step. The 
plating thicknesses of each cantilever in each plating time step should be identical but 
they were different due to the errors of the thickness measurement and the plated time. 
The maximum thickness difference of each cantilever to the average thickness is 13%  
and the maximum difference of the average thickness to the analytical value is less than 
4% .  
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Fig. 29. Plating thickness of each cantilever in each plating time step when plating time step is 15s 
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Fig. 30. Comparison of average and analytical plating thickness in each plating time step when plating 
time step is 15s 
 
The resonant frequencies of each cantilever were also measured in each plating time 
step and the spring constants were calculated using Sadar’s equation. The measured 
resonant frequencies ( )kHz and the calculated spring constants ( / )N m in each plating 
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time step are listed in Table IV. The elastic moduli of the plated nickel were also 
determined by using Euler-Bernoulli beam theory, expressed in equation (64). The 
measured elastic modulus of nickel in each time step is in the range of between 
162.68 ~ 175.71GPa  and the average elastic modulus is 170.73GPa .   
 
TABLE IV 
RESONANT FREQUENCY AND SPRING CONSTANT WHEN PLATING TIME STEP IS 15s 
 15 sec 30 sec 45 sec 60 sec 75 sec 
 
fω  Sadark  fω  Sadark  fω  Sadark  fω  Sadark  fω  Sadark  
A1 154.2 42.9 154.9 48.3 155.8 54.3 156.9 60.4 158.3 67.2 
A2 153.9 42.1 154.2 47.5 155.3 52.9 156.4 59.4 157.9 65.9 
A3 154.3 41.9 155.0 47.6 155.9 53.3 157.2 58.8 158.7 65.9 
A4 157.6 42.1 157.8 47.0 158.8 52.6 159.8 58.7 161.3 64.8 
A5 166.3 48.0 166.6 53.1 167.2 59.9 167.9 66.1 169.3 72.9 
 
 
For checking the consistency of the plating thickness, nickel was plated on different 
sets of cantilevers in different plating time steps and its thickness was measured in every 
plating time step. Fig. 31 and Fig. 32 show total plating thickness of each cantilever and 
the comparison of the average and analytical plating thickness when the plating time step 
is 20s . The thickness of plated nickel is also increased as increasing the plating time 
and the average value of the plating thickness is similar to the analytical plating 
thickness.  
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Fig. 31. Total plating thickness of each cantilever when plating time step is 20s 
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Fig. 32. Comparison of average and the analytical plating thickness when plating time step is 20s 
 
Fig. 33 and Fig. 34 give the measured plating thickness of each cantilever and 
comparison of the average and analytical plating thickness in each plating time step. As 
with the 15s  time step, the plating thicknesses of each cantilever in each plating time 
step were also different. The maximum thickness difference of each cantilever to the 
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average thickness is 12%  and the maximum difference of the average thickness to the 
analytical value is less than 2% .  
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Fig. 33. Plating thickness of each cantilever in each plating time step when plating time step is 20s 
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Fig. 34.  Comparison of average and analytical plating thickness in each plating time step when plating 
time step is 20s  
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The resonant frequencies of each cantilever were also measured in each plating time 
step and the spring constants were calculated using Sadar’s equation. Table V gives the 
measured resonant frequencies ( )kHz and the calculated spring constants ( / )N m in each 
plating time step. The elastic moduli of the plated nickel were also determined by using 
Euler-Bernoulli beam theory. The elastic modulus of nickel in each time step is in the 
range of between 162.09 ~ 174.88GPa and the average elastic modulus is171.06GPa .  
 
TABLE V 
RESONANT FREQUENCY AND SPRING CONSTANT WHEN PLATING TIME STEP IS 20s 
 20 sec 40 sec 60 sec 80 sec 
 
fω  Sadark  fω  Sadark  fω  Sadark  fω  Sadark  
A6 164.7 48.8 165.6 56.9 167.0 65.8 169.0 75.0 
A7 162.4 48.1 162.9 55.7 163.8 63.2 165.3 73.0 
A8 167.6 50.7 168.1 58.2 169.5 67.7 171.3 77.0 
A9 165.0 49.4 165.7 57.4 166.8 65.7 168.4 75.6 
 
 
As shown in Fig. 27 and Fig. 31, the total plating thicknesses of two different 
plating time steps are consistent and the maximum difference of plating thickness in 
each step is less than 5% . Fig. 35 and Fig. 36 represent the images and surface 
roughness of the cantilever after plating. The nickel was well plated onto the surface of 
the cantilever and its average surface roughness is less than 30 nm. 
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(a)       (b) 
Fig. 35. Images of the cantilever during plating (a) initial (b) after plating 
 
 
Fig. 36. Surface roughness of the cantilever after plating 
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2) Second Plating Thickness Measurement 
As explained in chapter III, the nickel ion dissolved in the solution is deposited onto 
the cantilever during plating. Generally the nickel ion in the solution can be refreshed 
from the soluble counter electrode, but there is no refreshment of the nickel ion due to 
the use of the insoluble counter electrode in this experiment. In previous section, the 
nickel is plated onto each cantilever surface in the beaker. However, the plating is done 
in liquid cell for measuring the deflection of the cantilever. The volume of the liquid cell 
is relatively smaller than the beaker used in the previous experiment and the 
concentration change of the nickel in the solution during plating might affect the plating 
thickness. In order to verify the consistency of the experiment condition, the nickel is 
plated again in liquid cell and its plating thickness is compared. 
a) Geometry parameter and spring constant of cantilever 
Four different cantilevers were selected for this experiment and their dimensions 
were measured by scanning electron microscopy. Table VI gives the average values of 
the measured dimensions and the spring constant comparisons of each cantilever.  The 
spring constants of each cantilever are almost similar and less than 1.0% difference 
range.  
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TABLE VI 
MEASURED DIMENSIONS AND SPRING CONSTANT COMPARISON FOR SECOND PLATING 
  Cantilever Geometry ( )mµ   Spring constant ( / )N m  
# L  b  h  ( )f kHzω  E - B Sadar 
B1 240.80 39.96 6.795 157.5230 37.9526 37.5776 
B2 240.79 41.04 6.695 154.1588 37.2908 36.9637 
B3 240.80 39.74 6.825 158.5970 38.2447 37.8814 
B4 241.23 39.96 7.015 164.8308 41.5284 41.2174 
average 38.7541 38.4100 
standard deviation 1.8921 1.9101 
 
Thin layers of chrome and gold ( : 5 , : 50 )Cr nm Au nm were evaporated onto the tip 
side of the cantilever in order to have the conductivity for a seed layer for electroplating 
nickel. The resonant frequencies of the Cr/Au coated cantilevers were measured and the 
spring constants were compared again. The measured resonant frequencies and the 
determined spring constants of each cantilever are shown in Table VII. The spring 
constants of each cantilever are almost similar and less than 1.2% difference range.   
 
TABLE VII 
SPRING CONSTANT COMPARISON OF Cr/Au COATED CANTILEVERS FOR SECOND PLATING 
 Cantilever Geometry ( )mµ   Spring constant ( / )N m  
# L  b  /Cr Au  ( )f kHzω  E - B Sadar 
B1 240.80 39.96 0.0502 154.0968 38.3696 37.9494 
B2 240.79 41.04 0.0502 150.6956 37.7065 37.2747 
B3 240.80 39.74 0.0502 155.1968 38.6670 38.2844 
B4 241.23 39.96 0.0502 161.2164 41.9707 41.6101 
average 39.1785 38.7797 
standard deviation 1.9043 1.9331 
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b) Second measurement of the plating nickel thickness 
Nickel was plated onto the tip side of the cantilevers in the liquid cell and their 
thicknesses were measured using the surface profile measuring system in air. The plating 
time step is 15s  and its thickness was measured in every plating time step. Fig. 37 
shows the experiment set-up for plating in the liquid cell. 
 
 
(a) (b) 
Fig. 37. Experiment set-up for plating in liquid cell (a) connection of counter electrode into liquid cell (b) 
loading the liquid cell into AFM holder 
 
Fig. 38 and Fig. 39 show the total plating thickness of each cantilever and the 
comparison of the average and analytical plating thickness. The thickness of plated 
nickel is increased with increasing plating time and the average value of the plating 
thickness is similar to the analytical plating thickness. 
 
 
counter electrode 
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Fig. 38. Total plating thickness of each cantilever (plated in liquid cell)  
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Fig. 39. Comparison of the average and analytical plating thickness (plated in liquid cell) 
 
Fig. 40 and Fig. 41 give the measured plating thickness of each cantilever and 
comparison of the average and analytical plating thickness in each plating time step. 
Like the previous plating, the plating thicknesses of each cantilever in each plating time 
step were also different. The maximum thickness difference of each cantilever to the 
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average thickness is 8%  and the maximum difference of the average thickness to the 
analytical value is less than 0.5% . 
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Fig. 40. Plating thickness of each cantilever in each plating time step (plated in liquid cell) 
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Fig. 41. Comparison of the average and analytical plating thickness in each plating time step (plated in 
liquid cell) 
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The resonant frequencies of each cantilever were also measured in each plating time 
step and the spring constants were calculated using Sadar’s equation. Table VIII gives 
the measured resonant frequencies ( )kHz and the calculated spring constants ( / )N m in 
each plating time step. The elastic moduli of the plated nickel were also determined by 
using Euler-Bernoulli beam theory. The measured elastic modulus of nickel in each time 
step is in the range of between 163.48 ~ 176.29GPa and the average elastic modulus 
is171.31GPa . 
 
TABLE VIII 
RESONANT FREQUENCY AND SPRING CONSTANT DURING SECOND PLATING 
 15 sec 30 sec 45 sec 60 sec 75 sec 
 
fω  Sadark  fω  Sadark  fω  Sadark  fω  Sadark  fω  Sadark  
B1 153.9 43.0 154.1 48.2 154.2 53.4 155.4 59.1 156.9 65.5 
B2 150.6 42.2 151.4 47.9 151.7 53.2 152.5 58.7 153.9 65.1 
B3 154.9 43.0 155.2 48.6 156.0 54.5 156.5 59.7 157.9 66.1 
B4 160.8 47.0 160.8 52.6 161.1 58.4 161.6 64.7 162.3 70.4 
 
 
As shown in Fig. 27 and Fig. 38, the measured total plating thicknesses plated in the 
beaker and the liquid cell are consistent and the maximum difference of plating thickness 
in each step is less than 2% . Fig. 42 and Fig. 43 represent the images and surface 
roughness of the cantilever after plating in liquid cell. Nickel was also well plated onto 
the surface of the cantilever and its surface roughness was similar to that of the 
cantilever plated in the beaker.  
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(a)      (b) 
Fig. 42. Images of the cantilever during plating (a) initial (b) after plating in liquid cell 
 
 
Fig. 43. Surface roughness of the cantilever after plating 
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Nickel was sometimes not well plated onto the cantilever in the liquid cell due to 
the dust on the cantilever surface and the air bubbles around the cantilever, which 
induced wrong results, that is, the measured resonant frequency during plating in liquid 
cell was sometimes out of limit or much greater. Fig. 44 shows the example of the bad 
plating cantilever. 
 
 
Fig. 44. Image of the bad plating cantilever 
 
3) Measurement of the Deflection of Single Cantilever 
a) Geometry parameter and spring constant of cantilever 
Six different cantilevers were selected for this experiment and their dimensions 
were measured by scanning electron microscopy. Table IX gives the average values of 
the measured dimensions and the spring constant comparisons of each cantilever.  The 
spring constants of each cantilever are almost similar and less than 1.7% difference 
range.  
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TABLE IX 
MEASURED DIMENSIONS AND SPRING CONSTANT COMPARISON FOR SINGLE 
CANTILEVER DEFLECTION 
  Cantilever Geometry ( )mµ   Spring constant ( / )N m  
# L  b  h  ( )f kHzω  E - B Sadar 
C1 225.63 39.84 6.265 159.0154 36.0696 35.7724 
C2 225.83 39.84 6.215 156.2248 35.1214 34.5588 
C3 222.15 40.05 6.370 168.0040 39.9284 39.5214 
C4 221.35 40.47 6.350 168.5170 40.4041 40.0363 
C5 223.78 38.35 6.230 159.9530 34.9971 34.5529 
C6 223.79 39.41 6.320 163.0664 37.5370 36.9072 
average 37.3429 36.8915 
standard deviation 2.3729 2.4070 
 
Thin layers of chrome and gold were evaporated onto the tip side of the cantilever. 
The resonant frequencies of the Cr/Au coated cantilevers were measured and the spring 
constants were compared again. The measured resonant frequencies and the determined 
spring constants of each cantilever are shown in Table X. The spring constants of each 
cantilever are almost similar and less than 1.1% difference range.   
 
TABLE X 
SPRING CONSTANT COMPARISON OF Cr/Au COATED CANTILEVERS FOR SINGLE 
CANTILEVER DEFLECTION 
 Cantilever Geometry ( )mµ   Spring constant ( / )N m  
# L  b  /Cr Au  ( )f kHzω  E - B Sadar 
C1 225.63 39.84 0.0502 156.5542 36.4987 36.5910 
C2 225.83 39.84 0.0502 153.7994 35.5425 35.3462 
C3 222.15 40.05 0.0502 165.3708 40.3958 40.4098 
C4 221.35 40.47 0.0502 165.9910 40.8785 40.9931 
C5 223.78 38.35 0.0502 157.4744 35.4157 35.3424 
C6 223.79 39.41 0.0502 160.1686 37.9797 37.5763 
average 37.7852 37.7098 
standard deviation 2.3967 2.4711 
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b) Deflection measurement 
Nickel was plating onto the tip side of the cantilevers in the liquid cell and the end 
deflection of each cantilever was measured using the Atomic Force Microscopy. Before 
plating, the signal sensitivities of each cantilever were measured. The signal sensitivity 
is the sensitivity measurement of the photodetector’s voltage output signal to the 
cantilever deflection by using the force calibration plot. Fig. 45 shows the example of 
the force calibration plot of the cantilever.  
 
 
Fig. 45. Force calibration plot for detector’s sensitivity of the cantilever 
 
After that, nickel was plated onto the tip side of the cantilevers in the liquid cell and 
the end deflections of each cantilever during plating were measured by simply 
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multiplying the detector’s voltage output signal difference to the photodetector 
sensitivity of each cantilever. 
Fig. 46 shows the total end deflection of each cantilever during plating. As 
expected, the total deflection of each cantilever is increased as the plating time is 
increased. The deflection of the cantilever with lower spring constant is greater than that 
with higher spring constant. The end deflections of each cantilever in each plating time 
step are shown in Figure 47. The rate of deflection with plating time of each cantilever is 
decreasing, which agrees with other experimental results [62], except the cantilever 1C .  
The end deflection of the cantilever 1C  in last plating step is increased due to the error 
of the output voltage change measurement or the plated time.  
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Fig. 46. Total end deflection of each cantilever during plating 
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Fig. 47. End deflection of each cantilever in each plating time step during plating 
 
Fig. 48 and Fig. 49 present the average total deflection and the average deflection in 
each plating time step as a function of the plating thickness. The average deflection is 
obtained by averaging the deflection of each cantilever and the plating thickness is 
determined from the average thickness of each cantilever plated in liquid cell. 
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Fig. 48. Average total deflection as a function of the average plating layer thickness 
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Fig. 49. Average deflection in each time step as a function of average plating thickness 
 
4) Measurement of the Deflection of Aligned Cantilevers 
a) Geometry parameter and spring constant of cantilever 
Five different cantilevers were selected for this experiment and their dimensions 
were measured by scanning electron microscopy. Table XI gives the average values of 
the measured dimensions and the spring constant comparisons of each cantilever.  The 
spring constants of each cantilever differ by 2.6% at most.  
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TABLE XI 
MEASURED DIMENSIONS AND SPRING CONSTANT COMPARISON FOR ALIGNED 
CANTILEVER DEFLECTION 
  Cantilever Geometry ( )mµ   Spring constant ( / )N m  
# L  b  h  ( )f kHzω  E - B Sadar 
D1 235.50 41.15 6.505 155.4330 36.6673 36.8487 
D2 235.00 40.80 6.515 156.4123 36.7566 36.9176 
D3 231.00 39.50 6.665 165.6734 40.1081 39.4138 
D4 231.50 39.88 6.710 166.3890 41.0508 40.2251 
D5 230.50 40.03 6.688 166.5630 41.3355 40.2865 
average 39.1837 38.7383 
standard deviation 2.3018 1.7284 
 
Thin layers of chrome and gold are evaporated onto the tip side of the cantilever. 
The resonant frequencies of the Cr/Au coated cantilevers were measured and the spring 
constants were compared again. The measured resonant frequencies and the determined 
spring constants of each cantilever are shown in Table XII. The spring constants of each 
cantilever are almost similar and less than 2.5% difference range. 
 
TABLE XII 
SPRING CONSTANT COMPARISON OF Cr/Au COATED CANTILEVERS FOR ALIGNED 
CANTILEVER DEFLECTION 
 Cantilever Geometry ( )mµ   Spring constant ( / )N m  
# L  b  /Cr Au  ( )f kHzω  E - B Sadar 
D1 235.50 41.15 0.0502 153.2715 36.9865 37.9199 
D2 235.00 40.80 0.0502 154.1443 37.0761 37.9452 
D3 231.00 39.50 0.0502 162.5968 40.5983 40.0630 
D4 231.50 39.88 0.0502 164.1416 41.5492 41.3105 
D5 230.50 40.03 0.0502 164.5394 41.8389 41.4875 
average 39.6098 39.7452 
standard deviation 2.3984 1.7435 
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b) Deflection measurement 
First, the signal sensitivities of each cantilever were also measured. After that, the 
aligned cantilevers were made for self-assembly. Fig. 50 shows the images of the aligned 
cantilevers. 
 
  
(a) (b) 
Fig. 50. Images of the aligned cantilevers (a) top view (b) side view 
 
Nickel was plated onto the tip side of the sensing cantilevers in the liquid cell and 
the end deflection of each cantilever during plating was measured by multiplying the 
detector’s voltage output signal difference to the photodetector sensitivity of each 
cantilever. 
Fig. 51 shows the total end deflection of the cantilevers during plating. As expected, 
the total deflection of each cantilever increases with increasing plating time. Comparing 
the deflection of the single cantilever shown in Fig. 46, it is found that the deflection of 
the aligned cantilevers is less than that of the single cantilevers due to the cantilever 
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working as the spring attaching to the deposition cantilever. The end deflection of each 
cantilever in each plating time step is shown in Fig. 52. The rate of deflection of each 
cantilever decreases with increasing plating time. The deflection of the cantilever with 
the lower spring constant is greater than that with higher spring constant, except 
cantilever 4D . The spring constant of cantilever 4D  is greater than that of cantilever 
2D  but its deflection in first plating step is larger than that of cantilever 2D . This might 
be due to the error of the output voltage change measurement or the plated time. It also 
might occur because the cantilevers were not initially in contact and the deposit 
cantilever was deflected as a single cantilever until it contacted the spring cantilever.  
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Fig. 51. Total end deflection of the aligned cantilever during plating 
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Fig. 52. Deflection of the aligned cantilever in each plating time step during plating 
 
Fig. 53 and Fig. 54 show the average total deflection and the average deflection of 
the aligned cantilevers in each plating time step as a function of the plating thickness. 
The average deflection is also obtained by averaging the deflection of each cantilever. 
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Fig. 53. Average total deflection as a function of average plating thickness 
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Fig. 54. Average deflection in each time step as a function of average plating thickness 
 
B. Numerical Results of Mismatch Strain 
The mismatch strain produced during the film growth is numerically solved by 
using the experiment results. First, the cantilever curvature is calculated using (44) and 
the measured total end beam deflections of single cantilevers, as shown in Fig. 46. Fig. 
55 shows the calculated curvatures of each cantilever and the average curvature as a 
function of the plating thickness. As expected, the curvatures of each cantilever are 
increasing as increasing the plating thickness. 
 
 99
curvature of cantilever during plating
0
10
20
30
40
0.0 0.5 1.0 1.5
plating thickness (um)
cu
rv
at
u
re
 (
/u
m
) C1
C2
C3
C4
C5
C6
 
(a) 
average curvature of cantilever 
0
5
10
15
20
25
30
35
0.0 0.5 1.0 1.5
plating thickness (um)
cu
rv
at
u
re
 (
/u
m
)
 
(b) 
Fig. 55. Curvature as a function of plating thickness during plating (a) curvatures of each cantilever (b) 
average curvature of cantilever 
 
Now the reference mismatch strain, which varies in the out-of-plane direction, is 
obtained using (39) and the calculated average cantilever curvature. Fig. 56 shows the 
calculated reference mismatch strain distribution in the thickness direction. This 
 100
analytical result indicates that the reference mismatch strain is decreasing in the out-of 
plane direction, which is similar to the other experiment results [62].  
 
 
Fig. 56. Calculated reference mismatch strain from the experiment 
 
The end deflection of the aligned cantilevers is analytically solved by using (31) and 
the calculated reference mismatch strain, and compared to the experimentally measured 
deflection during plating, which is shown in Fig. 53. Fig. 57 gives the comparison of the 
aligned cantilever deflection between analysis and experiment. The analytical result is 
well fit to the experimental result with the maximum difference of 10.0% , which 
indicates that the analytically derived deflection equation does well predict the 
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mechanical behavior of the structures due to the residual stress during material 
deposition.  
 
 
Fig. 57. Comparison of the cantilever deflection between analysis and experiment 
 
Fig. 58 shows the comparison of the cantilever deflection during deposition 
between the cases when the reference mismatch strain is a constant and a function of out 
of plane location. The solid line indicates the approximately solved cantilever deflection 
which does not account for the through-thickness variation of the reference mismatch 
strain and has much difference comparing to the cantilever deflection which considers 
the through-thickness variation of the reference mismatch strain.  
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Fig. 58. Comparison of the cantilever deflection between the cases when the reference mismatch strain is a 
constant and a function of the out-of plane location  
 
During deposition, the work done by the deposition cantilever on the spring 
cantilever is a monotonic function of the deposition thickness as shown in Fig. 59. That 
is to say that the work done increases with deposit thickness. 
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Fig. 59. Comparison of work done by the cantilever during deposition between analysis and experiment 
 
Fig. 60 illustrates the cantilever deflection as a function of the plating thickness for 
various ratios of spring-to-deposition cantilever stiffness, c . It is seen that a stiffer 
spring (larger c ) results in less cantilever deflection during deposition.  
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Fig. 60. Cantilever deflection for various ratios of spring-to-cantilever stiffness during deposition  
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VI. CONCLUSIONS AND FUTURE WORK 
 
This thesis considered the possibility of using residual stresses favorably as a 
means of self-assembling MEMS during material deposition. A minimum criteria for 
self-assembly was that one beam must do work on another beam during material 
deposition. First, an analytical model was developed for the mechanics of an Euler-
Bernoulli beam with moving boundaries during deposition, which accounts for the 
through-thickness variation of the mismatch strain. Second, the mismatch strain 
produced during the deposition was experimentally determined. Finally, it was 
experimentally demonstrated that residual stresses can be used to assemble two parts 
during material deposition.  
The experiment consisted of two aligned AFM cantilevers. One was used for the 
deposition cantilever and the other was for the linear spring. Material was electroplated 
onto the deposition cantilever, which produced residual stresses that deformed the 
cantilever. This cantilever was attached to a second cantilever, the spring cantilever, that 
was not electroplated. The first cantilever did work on the second cantilever, thereby 
enabling the two structures to self-assemble. An isothermal insoluble nickel 
electroplating process and an all-sulfate nickel solution were used for the thin film 
deposition. The thickness of the film deposited on the deposition cantilever was 
measured using the stylus measurement method. The deflection of the self-assembled 
cantilevers was measured using the optical method of atomic force microscopy.  
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An uncertainty analysis, or sensitivity analysis, was performed to determine how 
uncertainties in measurands such as cantilever dimensions, air density, liquid damping, 
etc. affected functions of those measurands, such as cantilever stiffness and the elastic 
stiffness of the deposited nickel.  
 
The results of the theoretical analysis and experiment are listed below: 
 
1. The spring constants measured using Sadar’s method which used the measured 
dimensions and the resonant frequencies of cantilevers have the accuracy of 
2.5% comparing to the analytical spring constant calculated using Euler-Bernoulli 
beam theory. 
 
2. The plating thicknesses measured in different plating time steps differ by no more 
than 5% . The measured plating thicknesses in different containers (beaker and liquid 
cell) are also similar and their maximum difference is less than 2% . The maximum 
difference of the plating thickness in each time step is less than 8% .   
 
3. The measured elastic modulus of nickel in each plating time step is in the range of 
163.48 ~ 176.29GPa and the average elastic modulus is 171.31GPa , which is 
reasonable comparing to other experiment results in the literatures [55]. 
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4. The measured total deflections of cantilevers increase with increasing plating time. 
The deflection of the cantilever with a low spring constant is greater than that with 
high spring constant. The rate of deflection of the cantilevers decreases with plating 
time for a constant plating current density.  
 
5. The measured total deflection of aligned cantilevers increases with increasing plating 
time. The deflection of aligned cantilevers are less than that of the single cantilevers 
due to the spring cantilever working as the spring attached to the deposition 
cantilever. The rate of end deflection of aligned cantilevers decreases with plating 
time for a constant plating current density.  
 
6. The numerically calculated reference mismatch strain decreases in the out-of-plane 
direction.  
 
7. The analytically derived cantilever deflection agrees well with the experimentally 
measured deflection of two aligned cantilevers. 
 
It is recommended that future work address three issues: 1) etching experiments; 2) 
torsional and translational motion; and 3) alternative deposition methods. 
 
1. Etching experiments: The work reported herein was performed in part to 
experimentally validate the analytical model of Mani [27]. Mani analyzed self-assembly 
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by both material deposition and material removal, i.e. etching. However, the research 
reported herein consisted of only deposition, and not etching. Therefore, future research 
should experimentally verify the possibility of self-assembly during etching. The 
experiment could be performed by depositing material onto a deposition cantilever that 
is not attached to a spring cantilever. Then, after deposition is complete, the spring 
cantilever would be attached to the deposition cantilever, and the deposited layer would 
be etched away. The deposition cantilever would deform during etching and do work on 
the spring cantilever. 
 
2. Torsion and translational motion: The analysis and experiments reported herein 
considered only bending deformations of a beam. However, torsional beam deformation 
and translational motion of generic structures may also be useful for self-assembly.  
 
3. Alternative deposition methods: The deposition method used herein was 
electroforming. Other common deposition methods used in microfabrication include 
evaporation, sputtering, and chemical vapor deposition. Future work should verify that 
evaporation, sputtering, and chemical vapor deposition can be used to create residual 
stresses for self-assembly. 
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